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ABSTRACT
Southern Ocean waters have been identified as critical regions because o f their potential 
to impact global climate as they play an integral role in oceanic overturning and 
circulation. They are also an area o f deep and intermediate water formation and can 
potentially modulate atmospheric CO2 concentrations. This project focuses on two 
regions that are seasonally limited by biologically available iron, the open HNLC 
Southern Ocean and the Ross Sea. The objective o f this project was to determine how  
iron impacts the regulation o f photosystem II and how the presence o f particular 
phytoplankton species affects the ability o f satellites to estimate biomass from remote 
sensing o f ocean color. Two pulse amplitude modulated fluorometers were used to 
examine the photochemical efficiency o f whole phytoplankton assemblages and single 
cells in both iron enrichment experiments and during a natural phytoplankton bloom in 
the Ross Sea from 2001-04. There were no significant differences in the photochemical 
recoveries o f diatoms during the Southern Ocean Iron Experiment, with exception of 
Asteromphalus sp. (a centric diatom). The kinetics o f increase from iron stress suggested 
that they occurred independently o f cell surface area. A  relationship between diatom 
abundance and SeaWiFS overestimation of chlorophyll a  in the eastern Ross Sea was 
found in 2001-2, but this trend was not observed in other years when diatoms dominated. 
Under most circumstances (phytoplankton composition and size distribution), it appears 
that with a linear post-calibration correction we could utilize SeaWiFS for phytoplankton 
biomass estimates in the Ross Sea. However, we could not explain the degree that 
SeaWiFS over- or underestimated the in situ chlorophyll a with taxonomic composition 
or phytoplankton size distribution. There was distinct interannual variability in the Ross 
Sea over the course o f our three year study. In February 2003 there was a clear 
secondary bloom dominated by diatoms, a feature previously unreported in the central 
Ross Sea. Intrusions o f modified circumpolar deep water regulated the timing and 
magnitude o f the second diatom bloom in 2003-2004 by infusing surface waters with 
additional iron. W e could not conclusively explain the spatial variability in the 
phytoplankton assemblage with the fluorescence-based light utilization parameters or the 
mixed layer depth.
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PROJECT INTRODUCTION
The Southern Ocean
Southern Ocean waters have been identified as critical regions because o f their 
potential to impact global climate. They play an integral role in oceanic overturning and 
circulation, are an area o f deep and intermediate water formation, and can potentially 
modulate atmospheric CO2 concentrations (Sarmiento and Orr 1991; Sarmiento et al. 
1998; Jacobs et al. 2004; Sarmiento et al. 2004). The Southern Ocean consists o f several 
distinct regions that differ in chemical and physical processes, including temperature, 
light availability, micro and macronutrient supply, current structure and sea ice formation 
(Mengelt et al. 2001; Boyd 2002). Areas such as the Antarctic Polar Front are 
characterized by higher episodes o f biomass, as are areas along continents and ice edges. 
However, most o f the Southern Ocean is considered a high nutrient, low chlorophyll 
(HNLC) region.
HNLCs are areas o f low phytoplankton biomass, production and iron inputs; 
examples o f these are the Subarctic Pacific, the equatorial Pacific and much of the 
Southern Ocean (Martin 1990). Most o f the Antarctic continent is perpetually covered by 
snow and ice, and the deposition o f iron from aeolian dust is very limited (Fung et al.
2000). As a result, low concentrations o f phytoplankton biomass are driven by low  
inputs o f biologically available iron (Martin et al. 1991; Boyd et al. 1999). Iron- 
containing enzymes are critical components o f effective plant metabolism; among these 
key cellular processes are photosynthetic and respiratory electron transfer and nitrate and 
nitrite reduction (Geider and LaRoche 1994). Oceanic phytoplankton are the link between 
oceanic and atmospheric carbon pools; they are responsible for half o f global primary
2
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production, and can modulate climate (Falkowski et al. 2000). Therefore, it is important 
to clearly understand what regulates their productivity.
M esoscale Iron Enrichment Experiments
Since phytoplankton production is regulated by iron in HNLC waters, there is 
interest in trying to better understand the processes by which phytoplankton remove iron, 
what phytoplankton taxa respond to iron enrichment, and how phytoplankton assemblage 
composition affects the fate o f carbon in the system. One way to study the impacts o f iron 
deposition in HNLC areas is to enrich a mesoscale (10 -1 0 0  km) patch o f water with iron 
and then monitor the biogeochemical changes that occur. The results o f previous 
mesoscale iron enrichment experiments (Coale et al. 1996,2004; Boyd et al. 2000; Tsuda 
et al. 2003; Boyd et al. 2004) have confirmed that biologically available iron limits 
phytoplankton production in HNLCs, and that not all phytoplankton are regulated by iron 
to the same extent.
The ecumenical iron hypothesis explains the differential response of 
phytoplankton based on cell size. This hypothesis suggests that accumulation o f small 
cells is primarily regulated by high grazing pressure, whereas the standing stock of large 
cells is controlled by biologically available iron (Morel et al. 1991; Landry et al. 1997). 
It has been well documented through bottle experiments and m esoscale iron experiments 
that a taxonomic shift caused by the accumulation o f diatoms occurs when iron is added 
to HNLC waters. Theoretically, accumulation of a dominant species during large-scale 
iron enrichment experiments is a balance between a lack o f grazing on large 
phytoplankton, an appropriate seed population, intrinsically different growth rates, and 
effective utilization o f biologically available iron. Because phytoplankton assemblage
3
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structure has a marked influence on biogeochemical cycling (Legendre and 
Rassoulzadegan 1995; Falkowski et al. 1998; Boyd and Newton 1999; Archer et al.
2001), understanding how different phytoplankton groups are affected by local 
environmental conditions is critical.
The Ross Sea, Antarctica
The Ross Sea, Antarctica is a highly productive region of the Southern Ocean 
system with a predictable seasonal phytoplankton bloom  (Comiso et al. 1993) that covers 
approximately 187,000 km2 (Nelson et al. 1996). Since the Ross Sea supports a large 
bloom, it is not considered HNLC, but it is believed to be seasonally limited by the 
availability o f iron (Fitzwater et al. 2000; Sedwick et al. 2000; Olson et al. 2000). A  
seasonal polynya (an area o f decreased ice concentrations surrounded by more extensive 
ice) is formed in the central Ross Sea by heavy katabatic winds and the upward 
movement o f relatively warm water. The phytoplankton bloom is initiated in this area of 
decreased ice concentration in early October (Smith and Gordon 1997; Arrigo et al. 1998) 
and biomass becomes maximal in late December (Asper and Smith 1999; Smith et al. 
2000). Primary productivity follows a similar trend, with the maximum occurring in 
December (Smith et al. 2000).
One of the unique characteristics o f the Ross Sea phytoplankton bloom  is its 
phytoplankton assemblage composition in both space and time. One o f the dominant 
phytoplankton species in the Ross Sea in the spring is Phaeocystis antarctica, a 
haptophyte that has a complex life cycle. Two morphologies o f P. antarctica  are present 
in the Ross Sea, a colonial phase and a single-celled (flagellated) cell. The size difference 
between these two forms is appreciable, with single cells being 4-5 pm, whereas colonies
4
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can be millimeters in diameter. Diatoms are thought to bloom  later in the spring and 
early summer in spatially distinct areas from P. antarctica. This taxonomic heterogeneity, 
with diatoms in the west and east (near the ice edges) and P. antarctica  in the south- 
central portion has not been attributed to a single environmental factor. Although a 
consensus has not developed, this floristic trend is likely driven by a combination of 
cellular iron quotients and light utilization strategies (Arrigo et al. 1999; Olson et al. 
2000; van Hilst and Smith 2002). The spatial trends in phytoplankton assemblage 
composition influence local biogeochemistry, in that the fate o f the organic matter is 
partitioned differently according to the phytoplankton assemblage composition in surface 
waters (DiTullio and Smith 1996; Arrigo et al. 1999). These floristic trends have clear 
biogeochemical consequences on vertical flux and elemental removal ratios (DeMaster et 
al. 1992; Smith and Dunbar 1998; Arrigo et al. 1999).
Quantum Yield o f Photochemistry
One approach that can be used to better understand how phytoplankton respond to 
changes in a light, macro or micro-nutrient regime is by probing the photosynthetic 
physiology. Evaluation o f the quantum yield o f photochemistry by the use o f fluorometry 
has been shown to be a powerful tool in biological oceanography and especially for 
mesoscale iron enrichment experiments. Relating variable fluorescence to 
photochemistry is based on the photobiological theory that a photon absorbed by 
chlorophyll will be used to drive photosynthesis, dissipated as heat, or re-emitted at a 
longer wavelength as fluorescence. These cellular processes are competitive, so that by 
measuring fluorescence one can estimate the importance o f photochemistry and heat 
dissipation (Butler 1978; W eis and Berry 1987; Genty et al. 1989; Kolber and Falkowski
5
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1993; Kroon et al. 1993). There are several techniques that measure the characteristics of 
variable fluorescence, such as fast-repetition rate fluorometry (FRRF) (Kolber et al. 
1994; Behrenfeld et al. 1996), pump during probe (PDP) fluorometry (Falkowski et al. 
1986; Kolber et al. 1990; Kolber and Falkowski 1993), and pulse amplitude modulated 
(PAM) fluorescence (Renger and Schreiber 1986; Schreiber et al. 1994). These 
techniques all estimate the quantum yield from Photosystem II (PSII), but use different 
approaches to do so. For example, FRRF employs a series o f flashes o f short duration 
(~ 0.5 ps) to close all reaction centers, whereas PAM  applies a single and relatively long 
pulse o f light (~ 0.8 s) to accomplish the same thing.
Nearly all fluorescence measured at physiological temperatures stems from PSII 
light harvesting complexes. This fluorescence yield is highly variable and is dependent 
on the physiological state o f the phytoplankton cell as well as environmental factors such 
as irradiance and nutrient availability. The maximum potential quantum yield from PSII 
is referred to as Fv/Fm and requires that all the reaction centers be open at the start o f the 
measurement. One o f the first measurable responses during iron enrichment experiments 
is when phytoplankton cells start to repair damage within PSII, and results in a marked 
increase in Fv/Fm. In fact, all m esoscale iron enrichment experiments have monitored 
Fv/Fm as a highly efficient diagnostic tool to determine the response o f the bulk 
phytoplankton assemblage in near real-time.
Remote Sensing in the Southern Ocean
Since phytoplankton are the base o f marine food webs they provide organic matter for 
all trophic transformations. Furthermore, they are an integral part o f the global carbon 
cycle and fundamental regulators o f the ocean’s “biological pump.” Phytoplankton
6
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primary production, the reduction of inorganic carbon into organic carbon by 
photosynthesis, is an integral process in both biological oceanography and marine 
biogeochemistry. In polar regions, studying the progression o f phytoplankton blooms 
can be difficult because o f the logistics o f studying these remote areas. Circumventing 
logistical issues, ocean color image analysis provides a powerful means to estimate 
global and local phytoplankton biomass and derived primary production. It also remains 
the only means to characterize large-scale phytoplankton processes.
Image analysis o f ocean color quantifies the radiance backscattered from water 
through the earth’s atmosphere at one or several wavebands o f light. The primary 
absorbers o f light in situ at biologically relevant wavebands are particulate detritus, 
chromophoric dissolved organic matter (CDOM), phytoplankton pigments, and water 
molecules (Yoder et al. 2001). The first satellite dedicated to measuring ocean color was 
the Coastal Zone Color Scanner (CZCS; Mitchell 1994). Although the satellite’s radiance 
sensors degraded through the course o f the mission, the first satellite-based estimates of 
regional scale chlorophyll distribution (Esaias et al. 1986) and global primary 
productivity (Longhurst et al. 1995) were made. CZCS was follow ed by the sea-viewing 
wide field o f view sensor (SeaWiFS), which carried numerous technological advances 
and improvements. For example, the SeaWiFS sensor is calibrated on board for long- 
and short-term shifts, has six wavebands that are measured (two more than CZCS), and 
its signal to noise ratio is greater (Joint and Groom 2000).
There are, however, limitations to remote sensing estimates o f ocean color, as cloud 
cover, sun glint and aerosols can mask the sea surface. Also, since satellites can only 
“see” to one optical depth (14% of surface irradiance), the subsurface chlorophyll
7
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maximum is often poorly observed (thus integrated chlorophyll will be underestimated). 
In polar regions large solar zenith angles and long radiation path-lengths, combined with 
a dearth o f validation data sets, makes it difficult to be confident in the accuracy of 
satellite retrievals. There is also a growing consensus that Southern Ocean (> 50° S) bio- 
optical properties may be inherently different with respect to assemblage composition 
(Arrigo et al. 1999), phytoplankton pigment packaging and scattering (Bricaud et al. 
1995; Stramski et al. 2001), detritus (Dierssen and Smith 2000) and persistent cloud and 
ice cover. Nonetheless, the use o f satellite remote sensing is an outstanding tool in 
biological oceanography, and much progress has been made with it since its conception.
Southern Ocean waters show a substantial negative bias when analyzing match­
ups between in situ chlorophyll a  and satellite-based estimates (Mitchell and Holm- 
Hansen 1991; Gregg and Casey 2004). A  recent study showed that despite this 
underestimate, the SeaWiFS sensor reliably captured spatial/temporal variability of 
chlorophyll for the Southern Ocean when compared to in situ measurements (R2 = 0.56; 
Gregg and Casey 2004). However, in a region-specific comparison, the same study 
found almost no relationship between the absolute value o f in situ and SeaWiFS data for 
the Ross Sea and Pacific sector o f the Southern Ocean. Another comparative study o f the 
Antarctic Peninsula using an older SeaWiFS algorithm (OC2) concluded that SeaWiFS 
was underestimating chlorophyll a  by a factor o f two (Dierrsen and Smith 2000). 
Recently, a good agreement has been found between discrete and satellite-derived 
chlorophyll a  for the southwestern sector o f the Ross Sea for 1997-2000 (Arrigo and van 
Dijken 2004). Understanding why there are periods when SeaWiFS incorrectly estimates 
chlorophyll a in the Ross Sea is a priority because chlorophyll a fields are often used at
8
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the base for primary productivity and export models. Furthermore, SeaWiFS can provide 
us with synoptic large-scale data sets that will allow us to better understand the regulation 
and timing o f the phytoplankton bloom in the Ross Sea.
Project Objectives
The objective o f this project is to investigate two regions that are seasonally 
limited by biologically available iron, the open HNLC Southern Ocean and the Ross Sea. 
I am specifically interested in how phytoplankton assemblage composition is affected by 
iron inputs and how a dominant species o f diatom is established during mesoscale iron 
enrichment experiments. I used two PAM  fluorometers to examine the responses o f  
whole phytoplankton assemblages and single cells. Another objective o f this study is to 
better understand how phytoplankton species composition in the Ross Sea affects satellite 
estimates o f chlorophyll a. If a clear relationship can be established between a particular 
phytoplankton taxa or the size distribution o f the phytoplankton assemblage, then we 
should be able to correct for it and use satellite retrievals in a quantitative fashion. The 
Ross Sea is an ideal location for such a study because o f its established taxonomic 
heterogeneity and importance within the Southern Ocean region. Finally, I investigate 
the photochemical efficiency and light utilization o f the Ross Sea phytoplankton 
assemblage in December and February over 3 years. I use this approach to determine the 
interannual variability in the degree o f iron stress that the phytoplankton assemblage 
experiences. These data are also used to explain the taxonomic heterogeneity in the Ross 
Sea and investigate why a large secondary diatom bloom  is found in the central Ross Sea 
in January-February.
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Section 1
A comparison o f single cells and bulk phytoplankton characteristics using pulse 
amplitude modulated (PAM) fluorometry
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
Analysis o f the quantum yield o f phytoplankton photochemistry has proven to be a 
valuable tool in biological oceanography. Two newly developed pulse amplitude 
modulated (PAM) fluorometers were used to measure phytoplankton electron transport 
between Photosystem II and I during the Southern Ocean Iron Experiment (SOFeX). The 
first PAM  system was a submersible system (SubPAM) that analyzes unaltered 
phytoplankton assemblages, and the second was microscope-based that analyzes single 
cells (MicroPAM). Through the techniques applied in this study, the SubPAM and 
M icoPAM  measure the maximum photochemical efficiency o f Photosystem II (F /F m) 
and the light adapted photochemical efficiency (AF/Fm'), respectively. Photochemical 
efficiency increased as phytoplankton from the iron-enriched patches were relieved from 
iron stress, but absolute quantym yields o f show disparate results between the two 
instruments. Light stimulation of the photosystem during the microscopy-based 
measurements likely causes this discrepancy. This study quantifies the substantial 
variation in photochemical processes that occurs among species in natural assemblages 
and after iron enrichment and demonstrates the usefulness o f the two PAM fluorometers.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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INTRODUCTION
High Nutrient Low Chlorophyll Regions
A large part o f the world’s oceans are considered high nutrient, low chlorophyll 
(HNLC) regions. HNLCs are areas o f low phytoplankton biomass and production and 
low iron inputs; examples o f these are the Subarctic Pacific, the equatorial Pacific and 
much o f the Southern Ocean (Martin 1990). The results o f previous mesoscale iron 
enrichment experiments in HNLCs (Coale et al. 1996, 2004; Boyd et al. 2000; Tsuda et 
al. 2003; Boyd et al. 2004) have confirmed that biologically available iron limits 
phytoplankton production. In addition, it appears that different phytoplankton size 
classes and taxa are not influenced in the same way by available iron. The ecumenical 
iron hypothesis suggests that accumulation o f small cells is primarily regulated by high 
grazing pressure, whereas the standing stock o f large cells is controlled by biologically 
available iron (Morel et al. 1991; Landry et al. 1997).
Six m esoscale iron-enrichment experiments in HNLCs [Iron Ex I, Equatorial 
Pacific, Martin et al. (1994); Iron Ex II, Equatorial Pacific, Coale et al. (1996); SOIREE 
and SOFeX, Southern Ocean, Boyd et al. (2000), Coale et al. (2004); SEEDS and 
SERIES, Subartic Pacific, Tsuda et al. (2003), Boyd et al. (2004)] have directly examined 
the dependence o f phytoplankton production on available iron. These experiments have 
observed that a taxonomic shift caused by the accumulation of diatoms occurs when iron 
is added to HNLC waters. The accumulation o f a dominant species during large-scale 
iron enrichment experiments is likely a balance between grazing on large phytoplankton, 
an appropriate seed population, intrinsically different growth rates, and effective 
utilization of biologically available iron. Because phytoplankton assemblage structure
18
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has a marked influence on biogeochemical cycling (Legendre and Rassoulzadegan 1995; 
Falkowski et al. 1998; Boyd and Newton 1999; Archer et al. 2001), understanding how  
different phytoplankton groups are affected by local environmental conditions is critical. 
Pulse Amplitude Modulated Fluorometrv
Evaluation o f the quantum yield o f photochemistry by the use o f fluorometry 
has been shown to be a powerful tool in biological oceanography. Measuring 
fluorescence and relating it to photochemistry is based on the assumption that a photon 
absorbed by chlorophyll will have one o f three fates: to be used in photosynthesis, 
dissipated as heat, or re-emitted at a longer wavelength as fluorescence. These cellular 
processes are competitive, so that by measuring fluorescence one can estimate the 
importance o f photochemistry and heat dissipation (Butler 1978; W eis and Berry 1987; 
Genty et al. 1989; Kolber and Falkowski 1993; Kroon et al. 1993). There are several 
techniques that measure the characteristics o f variable fluorescence, such as fast- 
repetition rate fluorometry (FRRF) (Kolber et al. 1994; Behrenfeld et al. 1996), pump 
during probe (PDP) fluorometry (Falkowski et al. 1986; Kolber et al. 1990; Kolber and 
Falkowski 1993), and pulse amplitude modulated (PAM) fluorescence (Renger and 
Schreiber 1986; Schreiber et al. 1994; Kishino et al. 2002). These techniques estimate 
the quantum yield from Photosystem II (PSII), but use slightly different approaches. For 
example, FRRF employs a series o f flashes o f short duration (~ 0.5 psec) to “close” the 
PSfl reaction centers, whereas PAM applies a single and relatively long pulse o f light (~ 
0.8 sec) to complete a similar function.
Nearly all fluorescence measured at physiological temperatures stems from PSII 
light harvesting complexes (chlorophyll). This fluorescence yield is variable, and is
19
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dependent on the physiological state o f the phytoplankton cell, as well as environmental 
factors such as irradiance and nutrient availability. The maximum potential quantum 
yield from PSII (when all reaction centers are “open” previous to the measurement) is 
referred to as Fv/Fm. Fv/Fra is the ratio o f variable fluorescence (Fv) to the maximal 
fluorescence signal (Fm). The physiological maximum for Fv/Fm for fully functional 
phytoplankton has been empirically determined to be approximately 0.65 (Kolber et al. 
1988) and decreases with the onset o f stressful environmental conditions. At low  
irradiance, PAM  measurements o f Fv/Fm are approximately 20% higher than FRRF and 
appear to converge with increasing light intensity (Suggett et al. 2003). One o f the first 
measurable responses during iron enrichment experiments is seen as phytoplankton cells 
start repairing damage within PSII, evidenced by marked increases in the maximum  
quantum yield o f photochemistry, Fv/Fm. To date, all m esoscale iron enrichment 
experiments have monitored Fv/Fm as a highly efficient diagnostic tool to determine the 
response o f the bulk phytoplankton assemblage in near real-time.
Single-Cell Studies
Phytoplankton assemblages are highly diverse and dynamic. Bulk measurements 
of phytoplankton properties (e.g., 14C-uptake, chlorophyll a  measurements) do not 
describe the variability within a species or among taxa; they create an average and mask 
natural diversity. Few studies have been done with traditional methods o f 14C- 
incorporation for individual cells (W ilson et al. 1986; Yentsch and Campbell 1991). 
However, differences o f several orders o f magnitude in photosynthetic responses were 
found for individual species within an assemblage. There also have been few studies 
using variable fluorescence to study single cells (Gorbunov et al. 1999; Olson et al.
20
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2000). In particular, Olson et al. (2000) found that Fv/Fm of a diatom, Corethron sp., was 
affected differently by iron replete and depleted conditions than the haptophyte 
Phaeocystis antarctica. A  subset o f P. antarctica  colonies exhibited high efficiency in 
iron depleted condition. The response to iron enrichment was variable detected by a 
mean Fv/Fm of 0.42 (± 0.09) and a range o f approximately 0.20 to 0.60. Measurements of  
Corethon sp. were consistently low previous to iron enrichment and the response was less 
variable than that o f the P. antarctica  colonies, with a mean Fv/Fm o f 0.48 (± 0.03) but 
with an approximate range o f 0.45 to 0.50. The authors hypothesize that these data 
suggest that the mechanism of iron regulation in the two taxa may be different (Olson et 
al. 2000).
Measuring individual algal cell (or taxon) photochemical characteristics in natural 
systems can provide insight into what groups are responding to an environmental 
perturbation and to what degree a change in local conditions can alter algal physiology. 
We hypothesized that that not all diatom species would respond equally within a single 
water sample as they are relieved from iron stress. The main goal o f this project was to 
investigate the usefulness o f two newly developed PAM fluorometers during the 
Southern Ocean Iron Enrichment Experiment (SOFeX). W e obtained a prototype o f a 
submersible PAM  unit (SubPAM) that we could investigate in benchtop mode. The other 
PAM fluorometer is integrated into a microscope (MicroPAM) and is used to analyze 
phytoplankton cells on a single-cell basis. W e quantified the differences in the 
photochemical efficiency and used these data to deduce further information on ecological 
strategies o f various taxa.
21
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M ATER IA LS A N D M ETH O D S
Study Site
In early 2002 the Southern Ocean Iron Experiment (SOFeX) was conducted in 
the Southern Pacific (along ~ 170° W). Two iron-enriched patches were created north 
(56° S) and south (66° S) o f the Polar Front with initially distinct silicic acid 
concentrations (Fig. 1). Silica concentrations in the southern patch were high enough to 
support diatom growth (ca. 60 |iM ) and nitrate was approximately 28 |iM  (Coale et al. 
2004). Water temperature was approximately - 0.5° C and the average m ixed layer depth 
was 45 m. The southern patch (initially 15 x 15 km; Fig. 1) was fertilized with iron and 
subsequently infused three additional times to elevate in situ iron concentrations to ca. 
0.7 nM (Coale et al. 2004). The northern patch had a low silica concentrations (< 3 pM) 
and high nitrate (ca. 20 |lM; Coale et al. 2004). Water temperature was 5 to 7° C and 
mixed layer depth was 40 m. The northern patch, also 15 x 15 km, was fertilized with 
iron three times to ca. 1.2 nM (Coale et al. 2004). Sulfur hexafluoride (SF6) was also 
added with the iron to trace the movement o f the patch. All locations that are designated 
as “In Stations” were determined to be close to the patch center by real-time SF6 
measurement (Coale et al. 2004). All “Out Stations” represent an area outside the 
fertilized patch and are considered to be controls. Patch age was calculated according to 
the time elapsed since the start o f the first iron enrichment. All samples for 
photochemical efficiency analysis were collected from the R /V  Revelle  from 20 m using 
Niskin bottles mounted on a rosette. All samples were kept near in situ  temperature for 
approximately 45 minutes and reduced light (ca. 15 |im ol photons m'2 s'1) until analysis.
22
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Saturation Pulse Method
PAM  fluorometers employ the saturation pulse method to make measurements of 
variable fluorescence. In order to use Fv/Fm as a proxy for the maximum quantum 
efficiency for PSII, several assumptions are made (Schreiber et al. 1995). The first 
assumption is that the fate o f a chlorophyll-absorbed photon o f light can be inclusively 
described as being used to drive photosynthesis, dissipated as heat, or re-emitted as 
fluorescence. The second is that all the viable reaction centers are closed after the 
application o f a saturating light; that the establishment o f the maximum fluorescence (Fm) 
is when the probability o f photochemistry equals zero. The last assumption is that the 
relationship between the contribution o f heat dissipation and fluorescence is constant 
under all experimental conditions. A  significant period o f dark acclimation (> 30 
minutes) reduces the effect o f non-photochemical quenching (Parkhill et al. 2001).
Ideally, reaction centers should be open previous to measurement in order to 
obtain a maximum potential photochemical quantum yield (Fv/Fm). To establish the time 
to low light adapt our samples, surface water was collected by hand with a cleaned bucket 
and placed on ice, exposed to low light and measured approximately every 15 minutes 
with PAM. W e found that after 45 minutes o f low light adaptation, cells reached ca. 
95% o f the maximum obtained Fv/Fm (Fig. 2). Thus, we used a 45-minute recovery time 
for all samples in order to avoid measuring samples while they were rapidly recovering 
from the external light climate. It is probable that not all reaction centers were open prior 
to our measurements, as the samples were kept under dim light (15 pm ol photons m'2 s'1), 
but this probably produced a negligible effect on the measurement. In order to determine
23
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the initial fluorescence value (Fo), the sample is exposed to a non-actinic, low intensity 
light. Directly after Fo is determined, a single pulse o f actinic light at saturating intensities 
rapidly closes the reaction centers. At this point fluorescence is maximal, and Fm is 
estimated. The quantum yield o f photochemistry determined by the saturation pulse 
method is the ratio o f the difference in the initial and maximal signal (Fv) to the maximal 
signal, or
(Schreiber et al. 1995). Fluorescence emission after exposure to light that induces 
photosynthetic activity reaches Fm' because o f the full or partial reduction in open 
reaction centers. In constant actinic light, steady state fluorescence (Ft) was measured 
before Fm'. This results in a lower quantum yield o f PSII when compared to Fv/Fm, it is 
dependant on the light level o f actinic illumination, and is expressed as
Thus, for this study SubPAM measured Fv/Fm and the MicroPAM made measurements of 
AF/Fm' because o f the presence o f the searchlight when finding cells and directly before 
measurement.
M icroscopy -based PAM
Samples for microscopic measurements were concentrated by gravity using a five  
pm polycarbonate filter, taking care that the cells were never left dry. The filter was then 
gently back-flushed and the sample resuspended in filtered seawater. Samples were 
loaded onto a standard microscopy slide with two swatches o f 20 pm Nitex net to keep 
cells suspended and within the field o f view. A  cover slip was placed over the Nitex 
mesh, and the slide was placed on top o f a temperature-controlled glass cuvette. The
F J F m=( F 0 - F m) /F m (Eq. 1)
A F I F m'={Fm'-Ft )IFr^ (Eq. 2)
24
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cuvette was filled with a hypersaline solution, while a glycol solution continuously 
flowed around it and maintained the slide temperature at ca. -1 .0 °  C and 6° C for south 
and north patch measurements, respectively. Prior to the SOFeX experiment, the 
effectiveness o f the temperature controlled cuvette was tested on a culture o f Phaeocystis 
antarctica  grown at -1 .0 °  C (Fig. 3). Fv/Fm remained constant over the time needed to 
find and measure cells (ca. 10-20 minutes), but declined slow ly after water circulation 
ceased (Fig. 3). The microscope was secured onto a platform that contained a series of 
five racquetballs sandwiched between two wooden platforms to dampen some o f the 
ship’s vibration when locating and measuring cells.
Measurements o f AF/Fm' o f individual cells were made using a microscope 
adapted with a Pulse Amplitude Modulated Fluorometer (Walz). Excitation was 
provided by a light emitting diode (LED) with peak emission at 458 nm. The signal from 
individual cells was directed towards and enhanced by a photomultiplier tube (PMT). 
All measurements were normalized according to the background signal for the relative 
PMT gain used and the presence o f the Nitex filter. Correcting for the presence o f the 
filter changed the resultant quantum yield by an average o f 0.027 ±  0.048 (n = 691).
Five random measurements o f phytoplankton cells, regardless o f species, were 
made before the slide was discarded. This cell selection procedure resulted in unequal 
total number of measurements for each phytoplankton type for each station. Cells were 
always located under low (ca. 15 pmol photon m'2 s'1) light covered by a green filter. 
The locating light was then blocked and a measurement was immediately made to insure 
the cell stayed in the field o f view. Many of the samples were measured while the ship 
was underway; the only way to ensure the cell stayed in the field o f view  was to measure
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it immediately. W e kept this practice constant in order to make all o f  our measurements 
comparable. Empty diatom frustules were not measured and a ce ll’s fluorescence signal 
had to be above background to be considered for analysis. M otile cells and cells less than 
5 pm could not be resolved and were not measured.
SubPAM
All bulk samples were run on the SubPAM (Walz). Although this prototype was 
originally designed to be used in situ, we used it as a benchtop fluorometer with an 
adapted software program (WinControl; Walz). Excitation was provided by a series of 
light-emitting diodes with peak emission at 458 nm. This instrument is different from 
previously used PAM  units because the emission signal was amplified by a PMT, making 
it more sensitive in low biomass conditions. W e never found it necessary to concentrate 
the sample for sufficient signal detection, even at chlorophyll concentrations < 0.1 pg L'1. 
Because the unit uses a sensitive PMT, measurements must be made within the attached 
darkened chamber without the presence o f incident light. The duration o f the saturation 
flash ranged from 0.6 to 0.8 seconds. Samples were measured in triplicate and corrected 
with filtered seawater as a blank.
RESULTS
Phytoplankton Response
Both the northern and southern SOFeX patches positively responded to iron 
enrichment. Flagellates numerically dominated the northern patch initially. A  distinct 
dominance o f pennate diatoms on day 26 was found when the R N  Revelle  returned to 
reoccupy the northern patch. Although silica concentrations remained low, it is likely that
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dilution with “high” Si water from patch edges allowed the Pseudonitzchia  spp. to thrive 
(Coale et al. 2004). Since we can only use our microscope to measure non-motile cells, 
measurements were only made during the second northern patch occupation. Chlorophyll 
a  concentration increased by a factor o f 10 and primary productively increased from 0.29 
to 6.9 mmol C m'3 d'1 (Coale et al. 2004). The southern patch chlorophyll a 
concentration increased by a factor o f 20 (from ~ 0.2 to 4 pg L'1) after approximately 30 
days o f patch occupation, but no shift in size structure o f the phytoplankton assemblage 
was noted (Coale et al. 2004). Diatoms numerically dominated the patch both before and 
after enrichment. Maximum rates o f photosynthesis in the patch increased from 0.29 to 
4.6 mmol C m'3 d'1 (Coale et al. 2004). Rates o f nitrate and silica uptake in the patch 
were enhanced by a factor o f ~ 25 and 4, respectively. Net phytoplankton growth rates 
also increased from 0.2 day'1 to > 0.3 day'1 (Coale et al. 2004).
SubPAM
The phytoplankton assemblage in the southern patch was stressed at the onset of 
the experiment; Fv/Fm was 0.40 ± 0.03. The results from the SubPAM show that the 
phytoplankton assemblage experienced a lag in response for approximately 2-3 days (Fig. 
4), increased rapidly over days 3-5, and then remained elevated (0.56 ±  0.04) and stable 
for the duration of the experiment. Stations outside the enriched area retained depressed 
Fv/Fm.
Instrument Comparison
Since diatoms primarily dominated the southern patch, we used those data to 
compare the two PAM-based instruments. The AF/Fm' response o f all diatoms measured
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individually were binned and averaged, and this average was compared against the bulk 
measurements o f Fv/Fm (Fig. 4). The response o f Fv/Fm o f the entire assemblage and that 
of the diatoms measured individually was similar, but there was a significant difference 
in the absolute value between the two (Fig. 4). This is not an ideal comparison for the two 
methods because the diatoms individually measured were always greater than 5 pm and 
the whole assemblage contained some forms smaller than this. Additionally, the diatom 
response is not weighted, and thus will not reflect the entire diatom population, as all 
types o f cells are not represented equally.
The pre-enrichment value and out stations are much lower for the average diatom 
response than was measured for the various size fractions. At the beginning o f the 
experiment, the SubPAM measurement was 4.1 times greater than the microscope 
average. This difference decreased to 1.5 near the end o f the experiment. However, the 
temporal pattern in measurement was remarkably similar between the data collected from 
the two instruments. To further investigate the difference in the absolute value o f the 
responses, the two responses were regressed against each other. The slope o f the linear 
regression was 0.787 and the y-intercept was 0.273. Both parameters were significant (p 
<  0.001) and the r2 was 0.933. If the resultant slope equaled one, then the difference 
between the two instruments could be attributed to a constant offset. The slope o f the 
regression (0.787) confirms that the difference between the two instruments appeared to 
be changing over the course o f the experiment. The two instruments, however, agree in 
the general temporal pattern.
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Single-Cell Measurements
We extracted measurements from our data set from the southern patch for 1.9, 
5.8, and 9.3 days (Fig. 5 a-c). These represent the first station after iron enrichment, an 
“In” station and an “Out” station, respectively. Because the response to iron was not 
evident for the first 2 days, the 1.9 days measurements are approximately similar to a pre­
enrichment AF/Fm' value. Asteromphalus sp. (Fig 5a) is a large (diameter o f ~ 30 pm) 
centric diatom, whereas Chaetoceros spp. (Fig. 5b) is a genus with several species of 
varying size. The pennate diatom group (Fig. 5c) represents all pennate diatoms that 
could not be positively identified into a known genus, and tended to be small cells. 
Directly after iron enrichment, AF/Fm' was low for all three groups, although Chaetoceros 
spp. cells exhibited higher AF/Fm than the other two groups. After iron enrichment 
Asteromphalus sp. cells attained the highest quantum yields, while Chaetoceros spp. 
AF/Fm/ was never > 0.5. The pennate group exhibited the most variability in response to 
iron enrichment. Cells from the Out station exhibited depressed AF/Fm': however, these 
values were elevated compared to the earlier In station (1.9 days). This Out station likely 
reflects the natural heterogeneity in Southern Ocean waters. When the average response 
is viewed (Fig. 6), the group-specific response is obscured, especially regarding how  
these groups responded (Day 5.8) to iron enrichment. Admittedly, there is no statistically 
significant difference among groups at Day 5.8. W e were, however, able to observe 
differences in response patterns that are masked within the average.
Northern Patch
In station bulk quantum efficiency o f PSII was elevated (0.48 ± 0 .0 1 , 0.42 ± 0 .0 1 )  
compared to the out station (0.34 ± 0.01). The phytoplankton assemblage in the In
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stations were mostly large, non-motile phytoplankton, such as diatoms and colonial 
Phaeocystis sp. W e further investigated the assemblage o f these two stations with the 
MicroPAM (Fig. 7). The response o f the diatoms Pseudonitchzia  sp., Fragilariopsis spp., 
and Corethron  spp. was measured, as was that o f the colonial haptophyte Phaeocystis sp. 
Although Pseudonitchzia  sp. numerically dominated the assemblage, its AF/Fm' was low  
compared to that o f Phaeocystis sp. This suggests the potential for a differential iron 
response between diatoms and Phaeocystis  sp., and also could signify that a change in the 
species specific growth rate was in progress. This unique perspective on the patch 
evolution is a clear example o f the information that can be obtained by measuring the 
response o f single species.
DISCUSSION
Instrument Comparison
The usefulness o f both the PAM fluorometers was demonstrated during the 
SOFeX program. The SubPAM proved to be a sensitive indicator o f iron-stressed 
phytoplankton cells, and the MicroPAM was useful in areas where cells are non-motile 
and relatively large (> 5 pm). Because finding individual cells was time consuming and 
difficult in low biomass regimes, we concentrated the samples to facilitate this process. 
The southern patch was also taxonomically diverse, so measuring enough cells to 
compensate for high natural variability was difficult. Nonetheless, by using the two 
instruments in concert, more information was obtained about the natural phytoplankton 
assemblage.
The two fluorometers showed very similar temporal trends as phytoplankton cells 
were relieved from iron stress (Fig. 4). There was an initial lag lasting 2-3 days, followed
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by a rapid recovery o f PSII during days 3-5. After this, PSD efficiency remained constant 
and fully recovered until the end of the experiment. There were, however, large 
differences in the actual numbers generated from either instrument because o f the 
different parameters measured. The values generated from the SubPAM were always 
greater than those from the binned response measured on a single-celled basis. For 
example, the average o f the diatoms measured reached a lower maximum (0.335 ± 0.04) 
compared to the whole assemblage (0.556 ±  0.04). When the results from the two 
instruments were regressed, the resultant slope was 0.787, suggesting that the difference 
between the two quantities changed over the course of the experiment. Implicit in 
measuring AF/Fm' is that the values are lower due closing o f a portion of the reaction 
centers. This could not be avoided since cells had to be located and measured 
immediately in order to keep them in the field o f view, but it was noteworthy o f how  
much of a difference was detected between the two approaches. The fact that the 
difference between the two measurements lessened towards the experiment’s end can be 
explained by a shift up in overall photochemical physiology as phytoplankton cells were 
relieved from iron stress. When the cells were more iron stressed, it was possible that 
they were more sensitive to the presence o f a searchlight, and were the most different 
from the SubPAM results. W e did use a green filter on the searchlight, kept it constant, 
and a measured a cell immediately after the light was turned off. This degree of 
experimental consistency allows us to use our microscopic measurements as an index of 
recovery, but they should not be directly compared to the photochemical yields generated 
by the SubPAM.
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Single-cell measurements
There is value in having single-cell measurements because they provide additional 
information compared to simply analyzing the bulk assemblage response. For the 
southern patch we compared the response o f Asteromphalus sp., Chaetoceros spp., and 
pennate diatoms. When the average responses are examined, there is no difference in 
response at 5.8 days after the onset o f iron enrichment. However, when the single-celled  
results are examined, it appears that Asteromphalus sp., a large centric diatom, has cells 
with initially (Day 1.9) low AF/Fm' values when compared to those o f Chaetoceros spp., 
and reached higher values after 5.8 days o f enrichment than the other phytoplankton 
groups. Despite measurements reflecting only one species, the response from 
Asteromphalus sp. encompassed a wider range o f responses than did Chaetoceros spp. 
The response detected from the pennate group is varied, perhaps reflecting the fact that it 
contains many species. With more detailed temporal coverage, we can start to better 
understand how these different groups are regulated by iron.
During the late northern patch occupation, we found that the dominant species, 
Pseudonitchzia sp., had a lower AF/Fm' value when compared to a colonial haptophyte, 
Phaeocystis sp. This could be an indication of the “crash” o f the Pseudonitchzia  sp. 
bloom and the impending dominance o f the Phaeocystis sp. It was possible that low  
ambient silica concentrations and/or low iron concentrations caused the dominant diatom 
to be stressed, or that Phaeocystis sp. can exhibit higher AF/Fm' because it may have 
lower iron requirements to sustain maximum photochemical efficiency. Without 
following the patch longer, it was impossible to know whether this taxonomic transition 
ever came to fruition or the importance o f the higher Phaeocystis sp. PSII efficiency.
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In any iron-stimulated phytoplankton bloom there are several factors that determine 
species composition. Seed population composition, relative growth rates o f the 
functional groups present, differential grazing and mortality rates, and a disparity in 
relative sinking rates will all affect standing stocks o f phytoplankton as well as the 
assemblage composition. The first step in understanding the dominance o f different 
diatom species in iron-enrichment experiments is to understand how phytoplankton 
photochemistry responds to iron addition. Because these measurements are independent 
of those processes that affect biomass accumulation, they provide insights into the 
mechanism and rates o f recovery and response to exogenous iron additions. 
Additionally, this could be important within natural blooms (such as within harmful algal 
blooms) in detecting a rapidly growing species before it numerically dominates the water 
column.
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Figure 1. The location o f the northern (~ 55° S, 171° W ) and southern (~ 66.5° S, 172° 
W) patches during the Southern Ocean Iron Experiment (SOFeX). Note the north-east 
shift in location (~ 54° S, 169.5° W ) for the northern patch. This shift was detected 
approximately 25 days after the first addition o f iron to the northern patch.
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Figure 2. Surface water was directly sampled with a bucket, measured with the SubPAM, 
and then exposed to low light (ca. 15 pmol quanta m'2 s'1). Measurements o f Fv/Fm were 
then made every 15 minutes to constrain recovery rates from non-photochemical 
quenching.
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Figure 3. A  temperature test o f the cooled microscope stage. Photochemical yields are 
from a cultured colony of Phaeocystis antarctica. The vertical dotted line represents the 
point that the circulating water batch was turned off. Measurements o f Fv/Fm were made 
every minute on the same colony.
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Figure 4. The photochemical response o f the whole size fraction measured with the 
SubPAM (outside (O ) and inside ( • )  the patch) and the average o f all the diatoms 
measured on a single celled basis with the MicroPAM (outside ( A )  and inside (A) the 
patch). Data generated by the instruments is similar whereas the absolute value is 
different.
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Figure 5 (a-c). Single-cell measurements in the southern patch were taken from 1.9 days 
(In ), 5.8 (In), and 9.3 (Out) days after the first enrichment with iron. A frequency 
distribution was calculated for Fv/Fm values for Asteromphalus sp. (a), Chaetoceros spp. 
(b), and the pennate diatom group (c). For the frequency distribution, the groups are 
defined; 0.0-0.1 (0.1), 0.1-0.2 (0.2), 0.2-0.3 (0.3), 0.3-0.4 (0.4), 0.4-0.5 (0.5), 0.5-0.6  
(0.6), where the respective bins are in parentheses
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Figure 6. Single-celled measurements o f Fv/Fm in the South patch were averaged from 1.9 
(In), 5.8 (In), and 9.3 (Out) days after the first iron enrichment. Error bars represent one 
standard deviation o f the mean.
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Figure 7. Single-celled measurements Fv/Fm in the northern patch after approximately 27 
and 28 days after the first iron enrichment. Error bars represent one standard deviation of  
the mean.
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Section 2
The Role o f Phytoplankton Size on Photochemical Recovery during the Southern Ocean
Iron Experiment (SOFeX)
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ABSTRACT
Phytoplankton primary productivity in the Southern Ocean is controlled by complex 
interactions among iron, light, and grazing. During previous iron enrichment 
experiments, the phytoplankton assemblage experienced taxonomic shifts to large 
diatoms with one species o f diatom generally dominating. The factors that favor the 
dominating species are complicated because biomass accumulation and growth can be 
controlled by grazing, seed population, growth rate, and sinking rates. Tracking changes 
in the light adapted quantum yield o f photochemistry (AF/Fm') has proven to be a 
valuable tool during mesoscale iron enrichments, as repair o f PSII is one o f the first 
detectable changes after iron is added. W e measured the recovery o f the maximum  
quantum yield o f photochemistry (Fv/Fm) for three size fractions (whole, <  5 pm, < 20 
pm) and single phytoplankton cells using pulse amplitude modulated fluorometry. The 
measurements were grouped according to species or genus: Chaetoceros spp., Corethron 
spp., Rhizosolenia  spp., Asteromphalus sp., Fragilariopsis spp., Pseudonitchzia  spp., 
centric diatoms, and pennate diatoms. The recovery was then fitted with a 4-parameter 
sigmoidal regression, and the resultant coefficients were compared among groups. The 
rates o f recovery were found to be unrelated to average cell size for both size fractioned 
and single celled measurements. The smallest cells appeared to exhibit more severe iron 
stress at the onset o f the experiment than the larger taxa. The largest response detected in 
regression parameters was that o f the pennate diatoms, which took only ~3.4 days to 
reach the maximum quantum yield, whereas Asteromphalus sp. reached maximum Fv/Fm 
after -1 0 .4  days. These data represent the first study o f in situ recovery rates o f PSII for
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groups o f diatoms, and may help elucidate the mechanisms of species change in response 
to environmental perturbation.
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INTRODUCTION
Hight Nutrient Low Chlorphyll Regions
Areas o f high nutrients and low chlorophyll (HNLC regions) are prevalent in the 
equatorial Pacific, the Subarctic Pacific, and much of the Southern Ocean. The co­
occurrence o f areas o f high inorganic nutrients and low phytoplankton biomass and 
production in these regions has long puzzled oceanographers (Gran 1931; Hart 1934). 
Martin’s (1990) iron hypothesis ascribes the occurrence of HNLC regions to low levels 
of biologically available iron in the water column. However, grazing also has been 
hypothesized to be a primary control o f the standing stocks o f phytoplankton biomass in 
these systems (Walsh 1976; Frost 1991). After the successful in situ  iron enrichment 
experiments in the equatorial Pacific (Coale et al. 1996), Martin’s hypothesis was 
expanded into “the ecumenical iron hypothesis”, which suggests that within HNLC 
regions, the accumulation o f small cells is primarily regulated by high grazing pressure, 
whereas the standing stock o f larger cells is controlled by biologically available iron 
(Morel et al. 1991a; Landry et al. 1997).
Taxonomic Shifts
The results o f previous mesoscale iron enrichment experiments have clearly 
shown that iron stimulates phytoplankton production in HNLC regions (Martin et al. 
1994, Coale et al. 1996, Boyd et al. 2000; Tsuda et al. 2003; Coale et al. 2004). During 
these experiments a taxonomic shift towards diatoms occurs, altering the 
biogeochemistry within the iron-enriched patch. During IronEx II (Coale et al. 1996) a
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transient, floristic shift from picoplankton to a diatom-dominated assemblage occurred 
and was largely caused by a Nitzschia  spp. bloom (Cavender-Bares et al. 1999). This 
shift appeared to be primarily driven by weak grazing pressure on the larger size class 
(Cavender-Bares et al. 1999). In the Southern Ocean during the SOIREE study (Boyd et 
al. 2000), there was also a floristic shift from picoplankton to diatoms, largely caused by 
the growth o f the colonial pennate diatom Fragilariopsis kerguelensis (Gall et al. 2001). 
It was hypothesized that iron replete conditions allowed phytoplankton to increase 
productivity, growth rate and cells per chain, but that weak grazing pressure partly 
contributed to its dominance. F. kerguelensis (> 35 pm) is believed morphologically 
adapted with heavily silicified tests to minimize grazing (Verity and Smetacek 1996; Gall 
et al. 2001); furthermore, during SOIREE F. kerguelensis grew in long, ribbon-like 
colonies, which effectively increased its size and may have reduced grazing pressure 
even further. During a mesoscale iron enrichment experiment in the western Subarctic 
Pacific, the dominant species changed from a pennate to a centric diatom 
(.Pseduonitzschia nirgidula to Chaetoceros debilis; Tsuda et al. 2003). C. debilis  was 
reported to have an inherent growth rate o f 2.6 doublings day'1, greater than expected at 
ambient temperatures (9.5 °C). High growth rates appeared to be the primary factor 
responsible for the dominance o f this species during the experiment (Tsuda et al. 2003).
Therefore, the accumulation of diatoms seems to be a predictable occurrence, 
provided the water column has a sufficient concentration of silicic acid. What is not 
known, however, is why one particular diatom dominates over another species, and what 
feature offers it a competitive advantage. Accumulation o f a single dominant species 
during large-scale iron enrichment experiments is subject to a delicate balance between
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grazers and appropriate prey, a viable seed population, inherent phytoplankton growth 
rates, and effective sinking rates. In addition to these factors, the ability to compete for 
and utilize newly available sources o f iron will be a critical factor for quick recovery and 
dominance o f a phytoplankton species. Because phytoplankton assemblage structure has 
a marked influence on biogeochemical cycling (Legendre and Rassoulzadegan 1996; 
Falkowski et al. 1998; Boyd and Newton 1999; Archer et al. 2001), understanding how  
different phytoplankton groups are affected by local environmental conditions is critical. 
Role o f Cell Size
Cell size has been directly linked with nutrient uptake rate, in that larger cells 
generally take up nutrients at a slower rate due to the smaller surface area:volume ratio 
(Raven 1986). In a similar manner it has been argued that smaller cells will be favored 
under low iron concentrations (Hudson and Morel 1990; Sunda and Huntsman 1997). It is 
generally believed that trace metals such as iron bind to a surface ligand and are 
transferred across the cell membrane following Michalis-Menten uptake kinetics (Morel 
et al. 1991b). A  study by Sunda and Huntsman (1997) found that when the iron uptake 
rates o f four species o f phytoplankton (two diatoms and two dinoflagellates) were 
normalized to cell surface area, they fitted the same saturation equation (R2= 0.90). 
However, a study by Timmermans et al. (2001) found that smaller diatoms required less 
iron to maintain high growth rates, and iron saturation coefficients from two species from 
the genus Chaetoceros differed by three to six orders o f magnitude, whereas their 
difference in surface area was only different by a factor o f 100. Thus, iron uptake 
systems (Volker and W olf Gladrow 1999) or ecological strategies (Timmermans et al.
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2001) may also play a part in determining the presence o f a dominant species during iron 
enrichment experiments.
Varible Fluorescence
One way to directly ascertain the physiological recovery o f phytoplankton from iron 
stress is to measure the quantum yield o f photochemistry by the use o f fluorometry. The 
fluorescence signature o f phytoplankton is variable and dependent on physiological 
status. A  single absorbed photon o f light can have one o f three fates: it will be used to 
drive photosynthesis, be dissipated as heat, or re-emitted as fluorescence. Since these 
cellular processes are competitive, one can measure fluorescence to estimate the 
importance o f photochemistry and heat dissipation (Butler 1978; W eis and Berry 1987; 
Genty et al. 1989; Kolber and Falkowski 1993; Kroon et al. 1993). There have been 
several systems developed to measure the characteristics of variable fluorescence; these 
are fast-repetition rate fluorometry (FRFF) (Kolber et al. 1994; Behrenfeld et al. 1996), 
pump during probe (PDP) fluorometry (Falkowski et al. 1986; Kolber et al. 1990; Kolber 
and Falkowski 1993), and pulse amplitude modulated (PAM) fluorescence (Renger and 
Schreiber 1986; Schreiber et al. 1994). O f these, PAM  and FRFF are most commonly 
used and both determine the maximum efficiency o f photosystem II (Fv/Fm). The 
primary difference between these fluorometers is the flash sequence, which results in 
differential perturbation of PSII (Kromkamp and Forester 2003). FRFF fluorometers 
fully reduce the primary electron acceptor and allow for a single turnover o f the PSII 
reaction centers. PAM  fluorometers reduce the primary and secondary electron acceptors 
as well as the plastoquinone pool. As a result, the PAM  technique yields multiple 
turnovers o f the PSII and results in higher dark adapted Fv/Fm. A study by Suggett et al.
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(2003) found dark-adapted PAM measurements to be ca. 1.23 times higher than FRFF. 
There was a non-linear relationship found between the two instruments under light 
stimulating photosynthesis; under low light PAM  measurements were approximately 1.17 
higher and they converged with increasing irradiance (Suggett et al. 2003). It is believed  
that these differences are due to the difference in PSII perturbation. The physiological 
maximum for the quantum yield o f photochemistry has been empirically determined to be 
approximately 0.65 (Kolber et al. 1988); for PAM this maximum yield under dark- 
adapted conditions is expected to be slightly higher (ca. 0.70).
For this study we used two newly developed PAM  fluorometers; a prototype o f a 
submersible PAM (SubPAM) and a microscope adapted with a PAM  attachment 
(MicroPAM). Both units employ the saturation pulse method. In order to use Fv/Fm as a 
proxy for the maximum quantum efficiency for PSII, several assumptions generally need 
to be made (see Schreiber et al. 1995). The maximum quantum yield o f photochemistry 
determined by a PAM  fluorometer is the ratio o f the difference in the initial and maximal 
signal (Fv) to the maximal signal, or
F J F m = { F t - F m) I F m (E q .l)
Schreiber et al. 1995). The initial fluorescence value (Fo) is determined at a weak 
irradiance, followed by a single pulse o f light at a saturating intensity that closes all PSII 
reaction centers. At that point fluorescence is maximal and Fm is determined. The 
reduction o f Fv/Fm due to nutrient (e.g., nitrate, iron) starvation or stress has been well 
established (Greene et al. 1991; Greene et al. 1992; Behrenfeld et al. 1996; Boyd and 
Abraham 2001), and an increase in Fv/Fm is usually the first detected response to nutrient 
addition (Falkowski et al. 1992). When measurements o f variable fluorescence are made
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directly after light exposure, (see Section 1) a portion o f the viable PSII reaction centers 
close. Fluorescence emission after exposure to light that induces photosynthetic activity 
reaches Fm' because o f this full or partial reduction in open reaction centers. In constant 
actinic light, steady state fluorescence (Ft) is measured before Fm'. This results in a lower 
quantum yield o f PSII when compared to Fv/Fm, is dependant on the level o f actinic 
illumination, and expressed as
A F I F m' = ( F m' - F t ) / F m' (E q.2)
The SubPAM measures Fv/Fm but measurements made by the M icroPAM  are AF/Fm' 
because o f the ce ll’s exposure to the searchlight previous to the saturation pulse. As cells 
are exposed to light a portion o f the viable reaction centers close which causes the 
quantum yield o f photochemistry to be lower than Fv/Fm (see Section 1).
The objective o f this project was to use PAM  fluorometry to evaluate the size- 
dependent recovery o f Fv/Fm for three size fractions (whole, <  20 pm, < 5 pm) as well 
AF/Fm' for diatoms that frequently occurred over the duration o f a m esoscale iron 
enrichment experiment. W e then compare the recovery kinetics o f AF/Fm' for each 
phytoplankton group and size fraction to elucidate different photochemical recovery 
strategies from iron limitation. Furthermore, we assess the dependence o f rate of 
photochemical recovery on cell size.
MATERIALS AND METHODS
Study Site
In early 2002 the Southern Ocean Iron Experiment (SOFeX) was conducted in 
the Southern Pacific Ocean (66.45° S, 171.8° W; Fig. 8) with samples collected from the 
R N  Revelle. Silicic acid and nitrate concentrations in the patch were high (initially 60
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and 28 |iM , respectively; Coale et al. 2004), and water temperatures were approximately 
-0.5° C. The patch (initially 15 x 15 km) was fertilized four times to elevate in situ iron 
concentrations to ca. 0.7 nM (Coale et al. 2004). An inert tracer, sulfur hexafluoride 
(SF6), was also added to be able to follow  the patch through time. “In Stations” were 
those close to the patch center by real-time SF6 measurement (Coale et al. 2004), and 
“Out Stations” were located outside o f the amended waters and considered to be controls. 
Samples for analysis were collected from 20 m using Niskin bottles. Samples were placed 
on ice and exposed to low incident light (ca. 10 pmol photons m'2 s'1) for approximately 
40 minutes before analysis to reduce the effect o f non-photochemical quenching. 
Fluorescence Measurement
Measurements o f photochemical efficiency were made on both individual cells 
(MicroPAM) and size fractioned samples (SubPAM) by use o f two different PAM  
fluorometers. Samples for microscopic measurements were conducted as described in 
Section 1. In brief, samples were gently concentrated, resuspended and loaded onto a 
slide. The slide was placed on a temperature-controlled cuvette, and five random 
measurements o f individual cells were made before discarding the slide. Field samples 
contained a rich innoculum; to complete sufficient measurements in a reasonable amount 
o f time (< 5 hours), we could not always make an equal number o f measurements for
each phytoplankton group. Cells were always located under low (ca. 15 pmol photons
0 1m' s' ) light. The locating light was then blocked and a measurement made immediately 
to insure the cell stayed in the field o f view.
All size-fractioned measurements were run on a prototype o f a submersible PAM  
used in bench-top mode (SubPAM; Walz; Peloquin and Smith submitted). N o sample
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concentration was necessary at any time during the experiment. The duration o f the 
saturation flash ranged from 0.6 to 0.8 seconds and all measurements were corrected 
using a filtered seawater blank. Size fractions were generated by gentle filtration through 
in-line 5 and 20 |im  polycarbonate filters and three measurements were made on each 
sample.
Data analysis
Quantum yields o f photochemistry were plotted against time for each station and 
then fit with non-linear regression and regressed with a four-parameter sigmoid equation 
using SigmaPlot
y = y,o+ (Eq-2)1 +  e
where Yo = initial quantum yield, Y r  = range o f quantum yield, Y m  = maximum quantum 
yield (= Yo + Y r ) ,  Ks (days) = coefficient describing the time when the yield has 
increased by 50% of Y r , , and a  = slope o f the response (days'1). A  four-parameter 
sigmoid fit was chosen because it modeled a non-zero origin at the y-axis and adequately 
resolved the lag phase. Most phytoplankton recovery responses were successfully fit with 
non-linear regression, with the exceptions o f Pseudonitchizia  sp. and the grouped centric 
diatoms. Pseudonitchizia spp. lacked appropriate resolution during the early patch 
occupation, and the results from the grouped centrics did not give a significant fit due to 
the variability o f the measurements. T-tests for significance (Minitab) were run on pairs 
o f regression parameters to determine if  they were significantly different statistically (set 
a priori at p < 0.05)
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Determination o f phvtoplankton biovolume and surface area
Samples were preserved with paraformeldehyde (2% final concentration). 
Preserved samples (50 mL) were stained with Acridine Orange to a final concentration of 
1-2% and filtered onto 0.8 pm black polycarbonate filters in duplicate. Slides were 
frozen and stored at -2 0 °  C until analysis. Samples were identified using an 
epifluorescence attachment (Nikon), and linear size estimates were determined from 
digital image analysis o f each phytoplankton cell using Image-Pro Plus. Volume and 
surface area equations o f appropriate geometric shapes were then applied to the linear 
dimensions (Sun and Liu 2003). When a cell was found as part o f a chain, the individual 
cells were measured. Spines were not considered in measurements due to potential 
breakage during filtration. Three stations (0, 6, 12 days), spanning the patch occupation, 
were used for analysis to account for potential spatial variability in phytoplankton taxon 
and change in cell size over patch occupation. The bio volume of at least 10 cells were 
averaged for each group’s estimate.
RESULTS
Patch Response
Within the patch chlorophyll a concentration increased by a factor o f 20 (from 
~ 0.2 to 4 pg L'1 ) after approximately 30 days o f patch occupation (Coale et al. 2004). 
Diatoms dominated the patch both before and after enrichment and the increase in 
biomass occurred without a notable shift in size structure of the phytoplankton 
assemblage, unlike all other iron enrichment experiments (Coale et al. 2004; Marchetti et 
al., in press). Maximum rates o f primary productivity in the patch increased from 0.29 to
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4.6 mmol C m'3 d 1 (Coale et al. 2004). Rates o f nitrate and silicic acid uptake in the 
patch were enhanced by factors o f ~ 25 and 4, respectively, whereas phytoplankton 
assemblage growth rate also increased from 0.2 to > 0.3 d a y 1 (Coale et al. 2004). 
Common diatoms found within the bloom include Chaetoceros spp., Fragilariopsis spp., 
Asteromphalus sp., Corethron spp. and Rhizosolenia spp. Cell volumes ranged over two 
orders o f magnitude (Table 1).
Single Cell Response
To investigate the role o f size on the rate o f physiological recovery, the kinetics of 
the phytoplankton photochemical response for three size fractions were compared. 
Values o f AF/Fm' o f the entire assemblage, as well as for the two size fractions, increased 
upon iron addition (Fig. 9). Initial quantum efficiencies for all size fractions were similar 
(0.391, 0.390, and 0.390 for whole water, and the < 5 and < 20 pm fractions 
respectively), suggesting a relatively uniform degree o f iron stress for all cells at the 
onset o f the experiment. There was little difference in the shape or magnitude o f the 
increase in all size fractions, and no parameter was found to be significantly different (t- 
test, p < 0.05; Table 2). Control (out) stations were consistently low and were similar to 
the initial values for all size fractions, and also did not vary significantly with time.
As demonstrated by Peloquin and Smith (submitted), the absolute values of 
AF/Fm' generated by SubPAM and those generated by the MicroPAM  should not be 
compared. The trends o f recovery are very similar between the two sets o f measurements, 
but the absolute values o f MicroPAM data are lower. This difference was suggested to be 
due to the methods o f measurement (i.e., the use o f a low light to find cells under the 
microscope). Our cells were not dark adapted after the exposure to the searchlight
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needed to locate the cells. As a result, we measured the light adapted quantum yield of 
photochemistry, AF/Fm'. To allow for comparison among individual measurements, we 
did keep the light level and the timing of the measurement after blocking the searchlight 
constant.
The photochemical competency of individual diatoms showed more variability 
than did the size fractions and the entire assemblage (Fig. 9, 10). Three o f the species 
(Corethron , Chaeotoceros, and Rhizosolenia sp.; Fig. 10 c,d,f)) increased their 
photosynthetic competency in a nearly step-wise fashion (a  = 0.08, 0.04 and 0.02 d'1), 
whereas the AF/FJ o f two others (Fragilariopsis and Asteromphalus sp.) and the grouped 
pennate diatoms increased more slow ly (Fig. 10 a-c). Additionally, pennate diatoms and 
Fragilariopsis spp. had very low initial yields (0.009 and 0.021, respectively). In some 
cases, variability in the measurements was high (Fig. 10 h), likely caused by binning 
several species with disparate responses to iron enrichment. Out stations had low AF/Fm' 
values.
To compare the responses o f all groups, the regression was solved for quantum 
yield every 12 hours for each group and converted to a percentage o f the maximum yield 
obtained (Fig. 11). Rhizosolenia  spp. reached maximum first (2.7 days), followed by the 
pennate group (3.4 days), Corethron spp. (3.5 days) and Chaetoceros spp. (3.5 days) 
(Fig. 11 a). The time needed to reach Ym for Fragilariopsis sp. was much longer (6.7 
days) and Asteromphalus sp. (10.4 days) took the longest o f all species analyzed. The 
smallest size fraction (< 5 pm) reached its respective maximum fastest, - 5 . 1  days after 
the first iron addition (Fig. 1 lb). Size fractions that were strongly influenced by larger
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cells (< 20 p.m and whole assemblage) reached relative maximum photochemical 
efficiency at -5 .7  and 5.6 days, respectively.
Initial AF/Fm' varied widely among phytoplankton groups (Table 3). Pennate 
diatoms, including Fragilariopsis sp., had statistically significant lower initial AF/Fm' 
values than other groups (Table 4). However, pennate diatoms were not statistically 
significantly different from Rhizosolenia sp. because o f the large estimate error within 
that genus. The estimate for Asteromphalus sp. initial yield (0.134) was significantly 
different from all groups except Rhizosolenia spp. Chaetoceros sp. and Corethron spp. 
had higher initial yields (0.248 and 0.234, respectively). This range in pre-enrichment 
AF/Fm' likely corresponds to variability in the initial iron stress these groups experience. 
The only groups with a significant difference in Ym values were Asteromphalus sp. 
(0.484) and pennate diatoms (0.357) (Table 2, 3). The time needed to reach half o f the 
increase (Ks) differs among phytoplankton groups (Table 2, 3). The Ks value for pennate 
diatoms (2.07 days) is significantly lower than Corethron  spp. (3.1 days) and 
Asteromphalus sp. (3.9 days). Asteromphalus sp. also had a larger Ks than Corethron 
spp. Statistical differences were also detected for the Yrange, but this simply reflects the 
fact that the initial iron stress o f all groups varied, but they all reached a similar 
maximum quantum yield.
The role o f cell size on phytoplankton PSII recovery from iron stress was 
investigated by comparing the initial AF/Fm' with species biovolume and surface 
area: volume ratio. N o statistically significant relationship was detected between the size 
of the phytoplankton group and Ks, Y m , Y0 or a .
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D ISC U SSIO N
In any phytoplankton bloom there are numerous factors that determine the species 
composition. Initial population composition, relative growth rates o f species, differential 
grazing, relative mortality rates, and taxon-specific sinking rates will all affect standing 
stocks o f phytoplankton and the resultant assemblage composition. In previous iron 
enrichment experiments one diatom has dominated each phytoplankton bloom that 
resulted from the iron addition, but it is unclear why one species was favored in each 
experiment. For example, in IronEx II Pseudonitzia  sp. rapidly increased in biomass 
(Cavender-Bares et al. 1999), during SOIREE Fragilariopsis sp. dominated (Gall et al. 
2001), and during SEEDS a fast-growing centric diatom dominated the post-enrichment 
phytoplankton assemblage (Tsuda et al. 2003). Because species differ in their effects on 
biogeochemical cycles, vertical flux and food webs, it is important to understand why one 
species accumulates more than others. A  first step in understanding the dominance of 
different diatom species in iron enrichment experiments is to understand how the 
phytoplankton size- and taxon-specific photochemistry responds to iron addition. 
Because these measurements are independent o f those processes that affect the changes in 
biomass, they provide insights into the rates o f recovery and response to exogenous iron 
additions.
Several assumptions are made for the analysis o f the single cell quantum yield 
kinetics. The primary assumption is that the cells measured at discrete times are 
representative o f the entire population o f that species. W e also binned several species 
into one genus, which might introduce variability as a result o f differences o f iron stress 
expressed at the species level. The binning effect is clearest in the centric diatom data, as
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errors around the measurements prohibited fitting a regression to the data. W e attempted 
to minimize this binning effect by carefully limiting the measurements to o f similar size 
key species within a genus.
Initial Quantum Yields
In general, when the surface area is compared with the initial AF/Fm', smaller 
cells tended to have lower Y0. This trend is surprising, as we had hypothesized that 
smaller cells would be less stressed than larger phytoplankton cells due to their greater 
surface:volume ratios. Initial yields were extremely low for the small pennate diatoms 
(0.009 for pennates, and 0.021 for Fragilariopsis  sp.). Olson et al. (2000) measured 
photochemical efficiency o f single cells in the Pacific sector o f the Southern Ocean 
(using pump-during-probe fluorescence) and also found that Fragilariopsis  spp. was 
more severely affected by iron limitation than other diatoms. Small Chaetoceros spp. 
(Fig. 11) cells, however, exhibited high initial AF/Fm'. W e did not include the spines on 
Chaetoceros spp. in the determination of size because o f the potential for breakage during 
filtration. It is possible that the spines serve as alternative sites for iron acquisition, 
resulting in higher photosynthetic efficiency in iron-depleted conditions. This is slightly 
different from what we detected in the SubPAM. The SubPAM showed no difference in 
the initial yields for the three size fractions, which may be due the fact that most o f the 
diatoms that we analyzed overlapped in size. For instance, Chaetoceros spp. and 
Fragilariopsis spp. would have both been present in all o f  the size fractioned 
measurements since species o f these genera are less than 5 pm. There is clearly more 
structure in the phytoplankton assemblage than what is reflected in the bulk 
measurements.
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Other studies have shown that small cells exhibit a strong degree o f initial iron 
stress when measured with variable fluorescence. During SOIREE, Fv/Fm for the < 2 [Am 
size fraction was low; for an out station, the Fv/Fm was 0.17, 0.24, 0.26, and 0.19 for < 2, 
< 5, < 20, and > 20 |i.m size fractions, respectively, suggesting that the smallest cells were 
most iron stressed (Boyd and Abraham 2001). Greene et al. (2001) also found low Fv/Fm 
for the smallest cells (including picoprokaryotes) in the equatorial Pacific. During 
IronEx II researchers also found that all size fractions responded positively to iron 
enrichment, but only larger cells were able to escape grazer predation (Coale et al. 1996). 
According to Sunda and Huntsman (1997), smaller cells have inherently higher growth 
rates and also have a higher steady-state cellular iron quotient per unit o f carbon. Thus 
small cells may be able to acquire iron more easily as governed by their surface 
area:volume ratio, but higher iron quotas or inherent growth rates in some species may 
further strain internal iron pools, causing a depression in initial AF/Fm'.
Lag in Initial Response
During m esoscale iron enrichment experiments, iron is added to waters as Fe (II) 
and in oceanic waters this is oxidized to Fe (III). There is evidence for phytoplankton 
uptake o f both forms, as well as organic ligand-bound and complexed forms of iron, but a 
consensus has not emerged as to what degree either species or form is preferred for 
eukaryotic phytoplankton (see Tortell et al. 1999). During SOFeX it took approximately 
2 days from the onset o f the first iron enrichment for Fe (III) to be detected at elevated 
levels in the water column (K. Johnson, personal comm.). It is possible that 
phytoplankton cell size will be most critical at this early stage in determining whether the 
cells can quickly respond. After 2.5 days there is a marked response for the majority of
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the smallest phytoplankton groups: pennate diatoms, Fragilariopsis  spp., and 
Asteromphalus spp. (Fig. 11a). Their small size and large surface to volume ratios may 
give them a competitive advantage when iron is scarce. Since iron is relatively abundant 
during iron enrichment experiments as a result o f multiple dosing, the first few days 
(especially in cold waters) may be the period when small cell size provides a marked 
advantage over larger cells. Competitive surface area:volume ratios will again be 
important towards the end o f the experiment when biologically available iron becomes 
scarce again.
Recovery o f Phvtoplankton Groups
The pennate diatoms, Fragilariopsis sp. and the small pennate group, were the 
first to start to recover during the SOFeX experiment. During SOIREE, a taxonomic shift 
occurred and was primarily caused by the increased growth and accumulation of 
Fragilariopsis sp. (Boyd et al. 1999). Pennate diatoms appeared to compensate for low  
initial yields by rapidly increasing photochemical efficiency immediately after the initial 
iron infusion. The ability to rapidly utilize newly available exogenous iron coupled with 
either high growth rates or low grazing pressure probably allows them to be successful 
during iron enrichment experiments. In this study, the small pennate group recovered 
rapidly and reached their maximum yields quickly.
Another response strategy is represented by Chaetoceros spp., Corethron  spp., 
and Rhizoselenia  spp. Chaetoceros spp. and Corethron spp. had higher initial yields 
(implying that the level o f initial iron stress was less than that o f pennate diatoms), in 
addition to longer response times (3.3 and 3.1 days). Despite having higher Ks values, 
both Chaetoceros spp. and Corethron  spp. reached their respective photochemical
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maxima (Y m) quickly after reaching Ks due to having steep slopes o f recovery (a). This 
suggests that as soon as iron was available to them, they were able to take advantage of 
the resource to rapidly and quickly recover full photochemical efficiency. Similarly, 
Rhizosolenia spp. recovered rapidly after a lag in response. Rhizosolenia  spp. and 
Corethron spp. represent the largest diatoms measured in this study, and although they 
experience a lag in the photochemical response, they recover with the steepest slopes.
Asteromphalus sp. clearly exhibited a different response than all other diatoms 
measured; it reached photochemical maximum slow ly (at approximately 10.4 days), and 
hence would appear to be least adapted to respond to iron addition on short time scales. 
The response for this centric diatom suggests that it may have a different or less efficient 
uptake strategy, fewer surface reductases, or use a different form of iron. These clusters 
demonstrate the importance o f inherent physiology in the recovery kinetics to iron 
addition, as well as the variability within an assemblage in the response to exogenous 
iron. Our data suggest a continuum o f strategies in photochemical recovery for diatoms 
in HNLC regions.
Like most substrates, iron is thought to be more efficiently acquired by smaller 
cells with higher surface area to volume ratios (Raven 1986; Sunda and Huntsman 1997). 
The results from previous studies suggest that small cells should be favored under low  
iron concentrations (Sunda and Huntsman 1997) and that their biomass would be limited 
by microzooplankton (Price et al. 1994). However, culture work by Timmermans et al. 
(2001) suggested that size alone does not explain the differences in the iron saturation 
coefficients o f two species o f Chaetoceros. During SEEDS C. debilis  became the 
dominant species after iron enrichment. Tsuda et al. (2003) concluded that prior to the
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experiment, rare, episodic inputs o f iron maintained a seed population o f this fast- 
growing diatom (ca. 2.6 doublings d'1), and that the inherent growth rate rather than size 
ultimately determined the resultant dominant species (Tsuda et al. 2003). Our data 
suggest that while size may influence iron uptake and photochemical responses early in 
the experiment, other biological characteristics are more important in generating the net 
response to iron enrichment and overshadow those based solely on size.
It is important to note that the measurements made for this study may not be 
strictly reflective o f iron uptake rates. Iron starvation strongly affects PSII charge 
separation (Davey and Geider 2001), but complete recovery from iron depletion occurs in 
several stages and effects several metabolic systems (Greene et al. 1992). Our 
observations should generally represent the iron uptake ability, but we can not constrain 
the coincident rates o f protein synthesis or macronutrient assimilation. In other words, 
alternative sites (other than PSII) o f recovery may obscure the relationship between iron 
acquisition and photochemical recovery.
Within the context o f the currently administered iron enrichments with repeated 
enrichments o f iron, it appears that phytoplankton cells compete for iron during the early 
stages o f the experiment. When iron is newly available, small cells will be able to take 
advantage o f the exogenous source because o f competitive surface area:volume ratios. 
With time (and further iron additions) and possibly after the recovery o f the smallest 
cells, iron will be available for the larger phytoplankton cells in the assemblage. Here, 
other factors such as inherent growth rate and grazing rate will be more important in 
determining whether a species or group will dominate the bloom. Regardless o f size, not
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all species during this time appear to be able to recover quickly, demonstrated by the 
slow response o f Asteromphalus sp.
Ecological Implications
How the variability in Ks translates into real differences in growth rate, primary 
production, and biomass accumulation is critical. It is clear from previous iron 
enrichment experiments that photochemical competency is one o f the first measured 
phytoplankton properties to respond to enrichment (Falkowski et al. 1994). This is 
generally followed by changes in other variables, such as increases in growth rates (Boyd 
and Abraham 2001), increases in primary production (Coale et al. 1996; Gall et al. 2000) 
and nutrient uptake and decreased sinking rates (Waite and Nodder 2001). Fv/Fm is 
related to growth rate in a non-linear manner (Kolber et al. 1988; Graziano et al. 1996; 
McKay et al. 1997; Boyd and Abraham 2001). Our predictions o f Ks should be directly 
proportional to a recovery towards optimal growth rate; however, without knowing these 
rates o f individual species, it is difficult to predict the magnitude o f differences in Ks 
required to impact the resultant potential species composition. W e detected some 
differences in time responses (e.g., between pennate diatoms and Asterom phalus sp.) that 
were large enough to affect species composition (ca. 2 and 4 days, respectively). This is 
especially evident when the time to reach photochemical maximum was calculated. 
Small pennate diatoms reached Ym within - 3 . 4  days, while Asterom phalus sp. reached 
physiological maximum approximately 7 days later. However, it is difficult to conclude 
whether differences in the Ks for the other species were large enough to make a sufficient 
impact on in situ species abundance. During SOFeX there was not a marked shift in the 
phytoplankton assemblage composition (Coale et al. 2004), and our data support this.
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This is the first study to compare the recovery o f photochemistry o f several 
diatom species in situ under natural competition for biologically available iron. W e can 
now quantitatively describe the recovery rates o f small pennate diatoms from extremely 
low initial AF/Fm' values. Their dominance in previous iron enrichment experiments is 
likely due to this efficient early rapid recovery mechanism coupled with either high 
growth rates or low grazing pressure. Although we detected differences in photochemical 
recovery, they were generally not large among the centric diatoms, with exception for 
Asteromphalus sp. These differences also appeared to occur independently o f cell surface 
area. These results bring us closer to understanding the first-order processes that may 
structure phytoplankton assemblages during natural iron deposition events. During an 
ephemeral iron deposition episode, the differences detected in photochemical Ks may 
translate into a proportionally greater ecological advantage, allowing small pennate 
diatoms to quickly increase in biomass. Shortly thereafter, genera such as Rhizosolenia, 
Chaetoceros, and Corethron  begin to recover, and do so rapidly. Conversely, it appears 
that Asteromphalus sp. will only flourish during periods o f sustained iron deposition, or 
deposition at low, constant rates. What we can’t know, however, is how prolonged the 
recovered condition o f small diatoms is after iron deposition ceases. With higher inherent 
growth rates, pennate diatoms will probably require more iron on a daily basis when 
compared with larger, slower growing cells. Thus, a better understanding o f decay 
kinetics is also critical to understanding how Southern Ocean waters respond to iron 
enrichment and under what conditions a species shift will be predictable. W hile a myriad 
of factors ultimately determine the phytoplankton assemblage composition, our results
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suggest that the response strategy to iron addition may be one o f the more important 
factors within HNLC regions.
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Figure 8. Station locations for the SOFEX patch. Filled symbols are “In” stations and 
open symbols are “Out” stations.
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Figure 9. The photochemical response for three size fractions: whole, <  20 |im  and < 5 
pm plotted against experiment time in days. The modeled response (four parameter 
sigmoid) has been overlaid for each respective figure. All size fractions rapidly 
recovered from iron depletion and reached saturation with time. Closed circles ( • )  
represent samples taken within the patch; Open circles (O ) represent samples taken 
outside the enriched patch and are considered controls. Arrows represent the beginning of 
a period of iron infusion.
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Figure 10 (a-h). The photochemical response (AF/Fm') o f the phytoplankton cells 
measured on a single-celled basis. Cell responses were grouped, averaged and plotted 
against experimental time (days). The number o f cells used and group identification are 
inserted into each respective plot (a-h). Error bars represent standard error. Closed 
circles ( • )  represent samples taken within the patch; Open circles (O ) represent samples 
taken outside the enriched patch and are considered controls. The model output for non­
linear regression (4-parameter sigmoid) is plotted over each respected data set. 
Photochemical responses lagged, rapidly increased and reached maximum.
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Figure 11 (a,b). The regressions for each phytoplankton group were used to solve for the 
yield over 12 hour intervals. The yield for each day was then transformed as a 
percentage o f the maximum Fv/Fm obtained for each group. The percentage o f Fv/Fm is 
plotted against experimental time in days. Phytoplankton cells measured on a single­
celled basis (a) and size fractionated (b) are represented separately.
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Table 1. Biovolum e (BV; Jim3), surface area (SA; Jim2), and surface area to volume ration estimates for genera based 
on relevant geometric shapes. The sample number included in the average is designated by n.
G enus B V  (pm 3) B V  Std. E rror SA (pm 2) SA  Std. 
Error
SA /B V
ratio
n
Corethron spp. 20562.60 5297.8 5354.07 638.4 0.26 13
Chaetoceros spp. 774.62 193.9 370.72 57.6 0.48 26
Asterom phalus sp. 10081.46 778.9 3357.83 176.7 0.33 34
Rhizosolenia  spp 29232.05 7761.1 6647.13 900.9 0.22 20
F ragilariopsis spp. 2039.99 660.7 899.46 197.0 0.44 22
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Table 2. Yo = Initial quantum yield, Y r = Range o f quantum yield, YM = maximum quantum yield = Yo +  
Y r, Ks = Time coefficient at half saturation, a  = slope coefficient for the size fractioned measurementsmade 
with the SubPAM. S.D. is the standard deviation for the preceding parameter.
Group Yo S.D . Y r S.D . Ym S.D . Ks S.D . a S.D. R 2
Whole 0.396 0.026 0.160 0.029 0.556 0.04 3.28 0.34 0.51 0.44 0.87
< 5 pm 0.398 0.020 0.132 0.024 0.529 0.03 3.22 0.23 0.29 0.24 0.88
< 20 pm 0.391 0.031 0.163 0.035 0.553 0.05 2.94 0.39 0.54 0.41 0.84
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Table 3. Yo = Initial quantum yield, Yr = Range o f quantum yield, YM = maximum quantum yield = Yo + 
Yr, Ks = Time coefficient at half saturation^ a  = slope coefficient for phytoplankton cells measured on a 
single-celled basis. S.D. is the standard deviation for the preceding parameter. When the error was 
greater than the value o f the fit, > fit is inserted.
Group Yo S.D. Y r S.D. Y m S.D. Ks S.D. a S.D. R2
Corethron spp. 0.234 0.032 0.189 0.040 0.429 0.05 3.10 0.36 0.08 0.12 0.83
Chaetoceros spp. 0.248 0.021 0.195 0.027 0.444 0.03 3.34 > fit 0.04 > fit 0.91
Asteromphalus sp. 0 .134 0.047 0.349 0.060 0.484 0.08 3.96 0.58 1.11 0.44 0.95
Rhizosolenia spp. 0.123 0.100 0.272 0.122 0.395 0.16 2.58 > fit 0 .02 >fit 0.90
Pennate 0.009 0.063 0.348 0.068 0.357 0.09 2.07 0.25 0.23 0.18 0.86
Fragilariopsis spp. 0.021 0.081 0.374 0.089 0.394 0.12 2.74 0.45 0.67 0.51 0.86
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Table 4. The results o f a student’s T-test for significance amongst the model fits. W hen differences were 
detected (p < 0.05), the abbreviation was inserted into the appropriate location in the matrix. Yo = initial 
quantum yield, Y r  = range o f  quantum yield, Y m  = maximum quantum yield (Y 0 +  Y r ) ,  Ks = time 
coefficient at half saturation.
„  „ .. . . , „. Asteromphalus RhizosoleniaGroup__________ Fragilariopsis spp.____ Corethron spp. Chaetoceros spp._________^
Fragilariopsis spp.
Corethron spp. Y0, Yrange
Chaetoceros spp. Y0, Yrange
Asteromphalus sp. Y 0,K S Y0, Ks, Yrange Y0, Yrange
Rhizosolenia spp.
Pennate Y 0, Ks, Yrange Y 0, Yrange Y0, Ks,Y m
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Section 3
Multi-year changes o f phytoplankton biomass in the Ross Sea, Antarctica, and the 
impacts on SeaWiFS estimates o f chlorophyll a
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A BSTR A C T
The Southern Ocean has been identified as a critical region that impacts global 
climate and plays an integral role in global oceanic circulation, thus, influencing 
atmospheric CO2 concentrations. In particular, the Ross Sea, Antarctica is a highly 
productive region of the Southern Ocean system that historically supports a 
taxonomically distinct phytoplankton bloom. In this study we analyzed and compared in 
situ and satellite-based estimates o f Chi a  in the Ross Sea using the Sea-viewing Wide 
Field o f V iew Sensor (SeaWiFS). W e used observed values from the Interannual 
Variability in the Ross Sea (IVARS) program and extracted data from December and 
February from the phytoplankton blooms o f 2001-02, 2002-03, and 2003-04. Each year 
had distinct bloom characteristics with regard to taxonomic composition and 
phytoplankton size distribution. Generally, SeaWiFS underestimated the measured Chi 
a. An exception to this pattern was in December o f 2001 where SeaWiFS observed a 
large bloom  in the eastern section of the polynya that in situ values did not confirm. This 
period o f overestimation (over 450%) was linked with the increased importance of 
diatoms in that area (R = 0.53). However, during other periods when diatoms were 
abundant in the Ross Sea, SeaWiFS did not overestimate the Chi a  value as in the 
phytoplankton bloom o f 2002-03 and in February o f 2004. W e found a significant 
relationship between the SeaWiFS estimate and the observed values o f Chi a  with an 
adapted data set created by removing values from 2001-02 (R2 = 0.24; Chi <2seaWiFS= 
0.292*Chl aobs + 0.880). It appears that neither taxonomic composition nor 
phytoplankton size distribution impacts the success o f the SeaWiFS OC4 (version 4) Chi 
a algorithm.
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IN T R O D U C TIO N
Oceanic phytoplankton are responsible for approximately half o f global primary 
production, have a direct impact on the carbon cycle, and modulate climate (Falkowski et 
al. 2000). Southern Ocean waters have been identified as critical regions that impact 
global climate. They play an integral role in global oceanic overturning circulation, is an 
area o f deep and intermediate water formation and can potentially modulate atmospheric 
CO2 concentrations (Sarmiento and Orr 1991; Sarmiento et al. 1998). In particular, the 
Ross Sea, Antarctica is a highly productive region o f the Southern Ocean system that 
supports a predictable seasonal phytoplankton bloom (Comiso et al. 1993). A  seasonal 
polynya (an area o f decreased ice concentrations surrounded by more extensive ice) is 
formed in the central Ross Sea by heavy katabatic winds and the upward movement of  
relatively warm water. It is within this polynya that the seasonal phytoplankton bloom is 
initiated. In general, phytoplankton growth begins to increase in late October (Smith and 
Gordon 1997; A n igo  et al. 1998) and becomes maximal in late December (Asper and 
Smith 1999; Smith et al. 2000). Primary productivity follows a similar trend, with the 
maximum occurring in December (Smith et al. 2000).
The Ross Sea, Antarctica
The Ross Sea is traditionally characterized by taxonomic heterogeneity, with 
diatoms in the west and east (near the ice edges) and Phaeocystis antarctica  in the south- 
central portion. Furthermore, P. antarctica  has a complex life cycle, with two distinct 
morphologies present in the Ross Sea: a single, flagellated cell (4-5 pm) and a colonial 
form that can reach several millimeters in diameter. The spatial trends in phytoplankton
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assemblage composition influence local biogeochemistry in that the phytoplankton 
produced organic matter is partitioned in different manners depending on the composition 
of the surface assemblage (DiTullio and Smith 1996; Arrigo et al. 1999). Although the 
spatial floristic trends have not yet been attributed to a single nutrient or physical feature 
(Arrigo et al. 1999; Olson et al. 2000; van Hilst and Smith 2002), the taxonomic 
distribution clearly has profound biogeochemical consequences on vertical flux and 
elemental removal ratios (DeMaster et al. 1992; Smith and Dunbar 1998; Arrigo et al. 
1999).
Remote Sensing o f Ocean Color
Remote sensing allows the detection and investigation o f the temporal and spatial 
dynamics o f phytoplankton blooms. This is especially important in high-latitude areas 
like the Ross Sea that can be difficult to sample routinely using traditional oceanographic 
methods. However, large solar zenith angles and long radiation path lengths, combined 
with relatively few  validation data sets, make it difficult to be confident in the accuracy 
of satellite retrievals in polar regions. There is also a growing consensus that Southern 
Ocean (> 50° S) bio-optical properties may be inherently different from other regions 
with respect to assemblage composition (Arrigo et al. 1999), phytoplankton pigment 
packaging and scattering (Bricaud et al. 1995; Stramski et al. 2001), chromophoric 
dissolved organic matter (CDOM)/detritus (Dierssen and Smith 2000) and persistent 
cloud and ice cover.
Previous comparisons o f Southern Ocean waters found them to be a region that 
shows a substantial negative bias between in situ  Chi a (Chi a) and satellite-based
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estimates. A  recent study showed that despite this underestimate, the SeaWiFS data 
using the most current global algorithm, OC4 (v4), captured most o f the spatial/temporal 
variability in the in situ data (R = 0.56; Gregg and Casey 2004). The same study found 
almost no covariance between in situ and SeaWiFS Chi a  data for the Ross Sea and 
Pacific sector o f the Southern Ocean. Another comparative study o f the Antarctic 
Peninsula using the older SeaWiFS algorithm (OC2) concluded that SeaWiFs 
underestimated Chi a by a factor o f two (Dierrsen and Smith 2000). Recently, a good 
agreement has been found between discrete and satellite-derived Chi a  for the 
southwestern sector o f the Ross Sea for 1997-2000 (Arrigo and van Dijken 2004). The 
most probable reasons for discrepancies between satellite retrievals and in situ 
measurements o f Chi a  in the Ross Sea are the presence o f detritus/CDOM, aerosols, 
difference in phytoplankton assemblage composition on phytoplankton physiology, 
clouds and ice which are not detected in the atmospheric algorithm, and sun glint (Gregg 
and Casey 2004). Our primary objective is to use describe changes in biomass and 
phytoplankton assemblage composition over three years (2001-04) in the Ross Sea. We 
also analyzed three years o f SeaWiFS images from the Ross Sea (November-February) 
and compare them with ship-based measurements o f phytoplankton species composition 
and phytoplankton size distribution. Our goal is to better constrain the performance of 
SeaWiFS in the Ross Sea and how it is impacted by species composition and/or 
phytoplankton size distribution.
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MATERIALS AND METHODS
Study Site
Data for this study were collected from six cruises (Table 5) in the Ross Sea, 
Antarctica in December and February from 2000-04. These cruises were conducted as 
part o f the Interannual Variability in the Ross Sea (IVARS) program (Smith et al. 
submitted) that sampled 80 stations. The sampling regime typically extended from 170° 
E-176° W  and from 76-77.5° S (Fig. 12 a-c). This period encompassed the time when the 
massive iceberg B-15 grounded on Ross and Franklin Islands, significantly altering local 
circulation and biology (Arrigo et al. 2003).
Station measurements
At each station water samples (-0 .25  - 0.50 L) were taken from up to 12 depths in 
the water column for Chi a  analysis. Samples were collected on GF/F (~ 0.7 pm), 5 pm, 
and 20 pm filters, placed directly into 90% acetone and then sonicated for 15 minutes on 
ice. Pigments were analyzed on a calibrated Turner Designs M odel 10AU fluorometer 
before and after acidification to correct for phaeopigment interference (Holm-Hansen et 
al. 1965). Vertical profiles o f photosynthetically available radiation (PAR) were 
available for most stations and attenuation coefficients were calculated from these 
profiles. The only exception was that Year 2, Leg 1 had only two stations with PAR  
profiles. For the remaining stations, the shallowest depth sampled, 10 m, was used to 
compare to SeaWiFS pigment estimates. For the remaining five cruises, the vertical 
attenuation coefficient was calculated for every other station and regressed against 
surface Chi a  to estimate the attenuation o f the remaining stations. Chi a  values were 
integrated through one optical depth and averaged to compare to SeaWiFS values.
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Water samples for enumeration o f phytoplankton in surface waters (50% light 
level; -0 .2 5  L) were collected in glass, amber bottles, preserved in paraformeldhyde 
solution (1-2% final concentration) and stored at 4°C until analysis. Samples (10-20 mL) 
were stained with acridine orange (1% final concentration) and filtered onto a black 0.8 
pm polycarbonate filter. Samples were identified and counted under oil immersion 
(lOOx) using epifluorescent microscopy. Thirty fields o f view and 100-200 cells were 
counted per slide. Individual diatom cells were identified to genus and P. antarctica  cells 
were categorized according to cellular or colonial morphology. It was not always possible 
to positively identify single cells o f P. antarctica  since they resemble other small cells 
such as cryptophytes (Dennett et al. 2001). Species composition was calculated from 
cell numbers and represented the percentage that each taxon and genus contributed to the 
entire phytoplankton assemblage.
Ocean Color Image Analysis
SeaWiFS weekly (8 day) mean Chi a  concentration data were obtained from the 
NASA/Goddard Earth Sciences (GES)/Distributed Active Archive Center (DAAC) from 
November 25 to February 26 from 2000-04. The images used in the comparison were 
Level-3 global Standard Mapped Images (SMI) at 9 km resolution and corresponded with 
cruise dates (Table 5). Scales o f Chi a variability at 20 m were estimated to be between 
27-11 m from late November to mid December (Hales and Takahashi 2004). SMIs should 
capture most o f the m esoscale variability present in the Ross Sea. The algorithm used 
was OC4 (version 4), which is the most recent global-scale calibration used by the 
SeaWiFS project (Patt et al. 2003). W eekly images were selected that coincided with the 
time o f station measurements. The entire cruise period was covered by images except for
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Year 2, Leg 1 and Year 3, Leg 2. These cruises only extended beyond the image time by 
one day. The W imSoft program was used to manipulate and extract numerical data from 
the images.
R ESULTS
The Ross Sea
In March 2000 a series o f icebergs calved from the Ross Sea Ice Shelf. One of  
these icebergs was designated B-15, and when it first calved it was 295 km long and 40 
km wide (Arrigo and van Dijken 2004). From 2000 through 2004 it remained grounded 
between Ross and Franklin Islands (Fig. 12 a-c). Another large, 32 km wide and 200 km 
long, iceberg calved off the Ross Sea Ice Shelf in September 2002 and was designated C- 
19 (Arrigo and van Dijken 2003). It m oved rapidly northward and grounded near Pennell 
Bank until February o f 2003. With time, it continued to move northward and by July of  
2003, had exited the Ross Sea (Arrigo and van Dijken 2003). The presence o f these large 
grounded icebergs is believed to cause changes in local circulation and impact ice  
concentrations for the Ross Sea (Dinniman et al., submitted).
In 2001-02 and 2003-04 the central polynya was well established by late 
December. However, in the austral summer o f 2002-03, ice concentrations were high and 
the size o f the polynya was greatly reduced. In this same year, because o f logistical 
difficulties resulting from the high ice concentrations, the numbers o f stations for both the 
December and February cruises were extremely limited (Table 5).
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In situ Chi a concentrations 
Year 1
During the phytoplankton bloom o f 2001-02 December surface Chi a 
concentrations ranged from 2.7 -  12.1 pg L'1, and the average value was 5.76 pg L 1 
(Table 6; Fig. 13). Two months later, in February, surface Chi a  concentrations were 
approximately the same, with the surface Chi a  averaging 5.62 pg L -l and a range from 
2.30 - 7.64 pg L'1. In 2001-02 the largest size fraction (> 20 pm) on average accounted 
for 47 and 61% o f total surface Chi a  in December and February, respectively. The 
smallest size fraction (< 5 pm) contributed 38 and 32% of surface Chi a  during December 
and February. This suggests that the phytoplankton assemblage remained relatively 
unchanged from December to February.
W e have taxonomic data for December o f 2001 (Fig. 14). The single-celled phase 
of P. antarctica  was the numerically dominant form and taxon of phytoplankton in late 
December. Colonial P. antarctica  was dominant at two stations at the western and eastern 
part o f the Ross Sea, but its distribution did not appear to follow  any distinct pattern. 
When both forms o f P. antarctica  are considered together, they accounted for > 80% of 
the assemblage composition (Fig 3a). Diatom numbers increased from west to east and 
peaked at 178°W where they contributed ~ 20% of the total cell numbers (Fig. 14a). Of 
the diatoms present, the genus Fragilariopsis was most the important contributor to the 
total diatom numbers (Fig. 14a). To the east, this genus became less important and 
Nitchzia/Pseudonitchzia  spp. increased in number. In December Chaetoceros spp. 
appeared at very low numbers.
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Year 2
The seasonal bloom of 2002-03 was much smaller when compared that o f the 
previous year. Average Chi a  concentrations were 2.13 pg L'1, with a maximum and 
minimum of 6.38 and 0.34 pg L'1, respectively (Table 6; Fig. 13). In February surface 
Chi a was again approximately equal to that o f December, with a mean concentration of 
2.46 pg L"1. W e were only able to sample two stations in the Ross Sea in February, so the 
maximum and minimum represent these two stations (3.12 and 1.80 pg L'1). The 
contribution o f the > 20 pm size fraction in December and February was 32 and 30%, 
respectively. Small phytoplankton (< 5 pm) were the largest component o f Chi a  during 
2002-03 (50 and 77%; Table 6). It appears that this relatively weak bloom  was sustained 
until late February and that the contribution of the largest size fraction was relatively 
constant from December to February. However, the smallest size fraction became 
relatively more important by February due to a shift in the < 20 and > 5 pm size fraction 
to the < 5 pm size fraction. W e only have taxonomic data for 3 stations in December 
2002 (data not shown). Diatoms dominated the phytoplankton assemblage for these three 
stations, representing 80-100% o f the phytoplankton cells counted. 
Nitchzia/Pseudonitchzia  spp., Fragilariopsis spp. and Chaetoceros spp. were responsible 
for 60-80, 30-40, and 10-15% o f the diatoms.
Year 3
In December 2003, the surface Chi a  ranged from 0.95 - 9.39 pg L'1, with an 
average o f 5.22 pg L'1. Average Chi a  concentrations in February increased to 10.3 
pg L'1 with a range o f 4.06 -15 .1  pg L'1 (Table 6; Fig. 13). The contribution o f Chi a of
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the > 20 pm size fraction was similar, comprising 67.2 and 62.0% o f the total Chi a in 
December and February, respectively. Although the bloom increased in concentration 
from December to February, there was no apparent shift in the assemblage size spectrum. 
In December 2003, the contribution o f colonial P. antarctica  to the phytoplankton 
assemblage decreased to the east (Fig. 15). In the western part o f the Ross Sea, it was 
responsible for 80% of the phytoplankton assemblage. Interestingly, the contribution of  
the single-celled form o f P. antarctica  paralleled the diatomaceous contribution, with 
maxima contribution in the eastern-most portion o f our sampling grid. When the two 
forms o f P. antarctica  are considered together, they comprise 90 -70%  of the assemblage 
(Fig 4a). There was not a distinct pattern in the types of diatoms that were present in 
December 2003 (Fig. 15b). Nitchzia/Pseudonitchzia spp. tended to dominate the diatom  
assemblage. Chaetoceros spp., like in December 2001, contributed a low percentage to 
the diatom group.
Sensitivity o f optical depth selection
During several stations the vertical PAR data were corrupted; to account for this 
we regressed Chi a  against the calculated attenuation coefficient. When we compared the 
surface Chi a  value with the calculated attenuation coefficient, the relationships were 
significant, although weak (average R2 = 0.271). A  sensitivity analysis was run to 
determine how critical this depth selection was and its impact on the average Chi a 
concentration above it. For all six cruises the average o f one optical depth was 5.8 m with 
a maximum and minimum of 11 and 4 m. These depths were well within the mixed layer 
(Smith et al. submitted). Over or underestimating this depth selection by 2 and 4 m 
resulted in a mean difference o f 2.8, 2.9, 5.0 and 5.1% in the calculated Chi a  value.
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Therefore, the depths for integration were calculated with error, it would not contribute to 
a large change in the average integrated Chi a  value. Likewise, surface values would also 
approximate our average integrated Chi a  value.
SeaWiFS estimate o f bloom dynamics
The phytoplankton bloom o f 2001-02 was well established by early December 
(Fig. 16a-l). In late December high biomass was observed in the eastern portion of the 
Ross Sea and appeared to last for ca. 2 weeks (Fig. 16c-d). Eventually biomass declined 
in the east (Fig. 16h), while the western section o f the Ross Sea maintained high Chi a 
values (Fig. 16k) until either cloud or ice cover restricted the satellite’s ability to monitor 
the bloom.
Longitudinal transects o f SeaWiFS Chi a  o f the study area were extracted and 
compared with the in situ Chi a  measurement (Fig. 17a-b). In December, the satellite- 
based estimate describes the general pattern o f Chi a  concentrations; however SeaWiFs 
overestimates in situ Chi a  near -178° E. In February (Fig. 17b) there is very little 
longitudinal structure or variability and SeaWiFs underestimates in situ  Chi a.
The phytoplankton bloom o f 2002-03 was weak compared to other years. Ice 
concentrations were high and the polynya was restricted at the onset o f the austral 
summer (Fig. 18a-l). SeaWiFS showed increased Chi a  concentrations towards the end of 
December (Fig. 18d), but concentrations similar to the previous year were never reached.
The bloom o f 2003-04, like 2001-02, was well established by the end of 
November (Fig. 19a-l). The extent o f the bloom (and polynya) appeared to be smaller 
than that o f 2001-2002, with the majority o f the bloom located in the western portion of 
the Ross Sea. As the polynya expanded eastward, the bloom dissipated (Fig. 19e) in the
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west and gained strength in the eastern most portion of the Ross Sea (Fig. 19g). Chi a 
concentrations increased again in the west (Fig. 19i) until ice or cloud cover obscured the 
region (Fig. 191). SeaWiFs underestimated ship-based measurements o f Chi a for both 
cruises in December 2003 and February 2004 (Fig. 20a-b). A lso, both the in situ  and the 
SeaWiFs estimates corroborate that there were higher Chi a  concentrations in February 
than in December.
Chi a  values from every other week were extracted from the remote sensing 
images (Fig. 21 a-c) for 77.08 °S and plotted against longitude. From this comparison, 
several features become clear. The bloom o f 2002-03 was (both spatially and 
quantitatively) a fraction o f the other years. During 2001-02 in late December, SeaWiFS 
overestimated Chi concentrations by up to 25 pg L'1 in the eastern portion of the Ross 
Sea. There appeared to be m esoscale variability that is repeated at similar time periods 
for all three years. For example, there is a peak in Chi a  concentration at 174-176° E that 
appears in all years in late November. In mid-January a peak is found at 173 °W, 
followed by a smaller peak that appears in middle-late February (Fig. 21).
In situ/SeaWiFS comparison
Generally, SeaWiFS underestimated Chi a concentrations in the Ross Sea (Fig. 
17b and 20). The exception to this is that during 2001-02, where there were stations 
where SeaWiFS overestimated the in situ measurements by nearly 500%, particularly in 
the eastern region (Fig. 17a). The average agreement o f the 62 match-ups was 70%, with 
a standard deviation o f 82%. When a linear regression is run on all stations where there 
are both in situ and SeaWiFS estimates, the relationship is not significant (R2 = 0.008; 
Fig. 22). If the stations where the difference between the SeaWiFS and in situ
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measurement is greater than one standard deviation o f the mean are removed (circled data 
in Fig. 22), the relationship becomes significant (R2 = 0.24; Chi aseaWiFS= 0.292* Chi aobs 
+ 0.880); the seven removed were from 2001-02 and changed the mean agreement to 
44%, with a standard deviation of 30%.
DISCUSSION
Bloom  dynamics
Over the three years the Ross Sea showed significant variability in polynya size, 
phytoplankton biomass, and taxonomic composition. Some features, however, appear to 
be consistent from year to year despite fluctuations in the apparent size o f the polynya 
and the position o f large icebergs. B y examining three years o f the bloom ’s formation, 
decline, and species present, we can begin to better understand why a certain set of  
circumstances can either promote a diatom or P. antarctica  bloom. Furthermore, we have 
a unique opportunity to scale up our shipboard measurements with remote sensing to 
better place our in situ observations in context o f the full bloom  cycle. W e can also, 
through phytoplankton size distribution and taxonomic information, start to better 
understand why SeaWiFS underestimates Chi a  in the Ross Sea.
2001-02
O f all three years o f this study, the bloom o f 2001-2002 appeared to have the 
largest areal extent. In December, it was numerically dominated by P. antarctica  while 
the diatom contribution increased eastward to a maximum concentration of 
approximately 20%. It is important to note that the typical size o f a single cell o f P. 
antarctica  is approximately 4-5 pm in diameter; in contrast, a single cell of
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Fragilariopsis  sp. or Chaetoceros sp. can be greater than 20-30 pm long. When diatoms 
numerically comprise nearly 20% of the assemblage, their biomass (i.e., contribution to 
the total Chi a  or particulate carbon pool) can actually be the largest o f any functional 
group. It is clear that both taxa were important constituents in the eastern part o f our 
cruise transect. Our cell counts also indicated that a significant fraction o f P. antarctica  
was in the single-celled form. Evidence from the size-fractionated Chi a  corroborates this 
pattern, and although the trends are not always parallel, there are stations where 80% of  
the Chi signal is found in the < 5 pm size fraction (data not shown). It is possible that 
some small diatoms were also in this smallest size fraction, but it is more likely to be 
dominated by single cells o f P. antarctica  based on size estimates when counting 
individual cells. In December, two genera o f diatoms appear to be most evident in the 
phytoplankton assemblage: Fragilariopsis spp. and Nitchzia/Pseudonitchzia  spp. These 
two species appeared to be equally abundant in the eastern portion o f the transect, 
whereas Fragilariopsis spp. dominated the diatom fraction in the west (Fig. 14b). 
Although we do not have direct counts o f phytoplankton from the February cruise, we do 
have evidence from sediment trap data that biogenic silica flux was high at the eastern­
most mooring (Smith et al. submitted). W e conclude that diatoms continued to be 
important in the eastern part o f the transect and could potentially contribute significantly 
to flux o f that area.
2002-03
The phytoplankton bloom of 2002-2003 was a small fraction of previous years 
due to heavy ice concentrations (Fig. 18). Heavy ice was primarily caused by changing 
surface circulation patterns and reduced ice advection from a large iceberg grounded in
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the northwestern region o f the Ross Sea (C-19; Arrigo and van Dijken 2003). Small (< 5 
pm) cells comprised an average o f 50 and 76% of the total Chi a  in December and 
February, respectively. Most (ca. 80%) o f cells in December were diatoms.
2003-04
The phytoplankton bloom o f 2003-04 was well established by late November 
(Fig. 19a). At the time of our observations (Fig. 19d), an early bloom  appears to have 
disappeared either through export, grazing, or advection. Fully exploring the fate o f the 
early bloom is beyond the scope o f this paper, but there is some evidence o f elevated (2-3 
pg L'1) Chi a  concentrations at depth (> 100 m well below the euphotic zone), suggesting 
that vertical export was important. With further analysis, especially in areas where 
grazing is believed to be minimal on the dominant phytoplankton species (Caron et al. 
2000), we may be able to use satellite remote sensing to describe the temporal nature of 
export processes. B y December, Chi a  concentrations averaged 5.2 pg L'1 in surface 
waters and most o f the Chi (67%) was from phytoplankton that were greater than 20 pm. 
This corroborates with the direct counts o f phytoplankton abundance. The colonial form 
o f P. antarctica  accounted for over 80% o f the assemblage in the western section of our 
transect. Colonial P. antarctica became less abundant towards the east as it was replaced 
by the single-celled form of P. antarctica  and diatoms. The diatom composition did not 
follow a clear trend. Fragilariopsis spp. and Nitchzia/Pseudonitchzia spp. are both 
important constituents, but there is not a clear spatial relationship like in 2001-02. 
Interestingly, both SeaWiFS and our discrete measurements estimate that Chi a 
concentrations increased in February. It appears that the Ross Sea underwent a second, 
larger bloom at the end o f January - beginning o f February. Mean in situ surface Chi a
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concentrations are nearly double (10.3 |xg L'1) from the December measurements and 
most o f the Chi a  is associated with the > 20 pm size fraction. Diatoms appeared to be 
associated (data not shown) with this secondary bloom.
When the three phytoplankton blooms along 77.03° S are compared (Fig. 21), it 
becomes clear that the bloom of 2002-01 covered less areal extent and never reached the 
high Chi a  values o f the other two years. The period and degree o f overestimation in 
December 2001 is also apparent (Fig 21a). Aside from the anomaly in December o f 2001, 
there appears to a peak in Chi a  in late November around 174-175° E seen in all three 
years. A  similar peak in fluorescence was detected from 173-174° E in a high resolution 
transect o f the Ross Sea on December 7th, 1997 (Hales and Takahashi 2004). This peak is 
not related to the presence o f B-15, as their study predates the calving o f this large 
iceberg. Although the authors do not ascribe it to a particular hydrographic or 
bathymetric feature, this area corresponds to a shoaling o f the Ross Sea from 
approximately 600 to 400 m. With further analysis, we may be able to better understand 
these types o f m esoscale features and what generates them. The scale o f these peaks is 9 
km or less and would likely be m issed with traditional oceanographic sampling.
Remote Sensing Comparison
The fact that SeaWiFS underestimates surface Chi a  in the Southern Ocean has 
been previously established. A good agreement between in situ and SeaWiFS estimates 
was found near the Polar Front (r2 = 0.72; Moore et al. 1999), although SeaWiFS 
underestimated Chi a  relative to the ship data by as much as a factor o f two. Similar 
underestimates were found by Barbini et al. (2003) in the Ross Sea. In a global 
comparison the Antarctic Basin was the only area with a consistently negative bias
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(Gregg and Casey, 2004) and almost no relationship (r2 = 0.2) was found for the Ross Sea 
sector. Only one study (Arrigo et al. 2004) has validated the SeaWiFS Chi a  retrievals to 
in situ values to 90% accuracy (R2 = 0.86; 1997-1999).
It is clear that over the three years o f this study very different bloom dynamics 
have dominated the Ross Sea. During the December occupation of the phytoplankton 
bloom of 2001-2002, high Chi a  concentrations and single cells o f P. antarctica  
dominated the phytoplankton assemblage. Small (< 5 pm) phytoplankton cells often 
numerically dominated the size distribution in December o f 2001, although the average 
contribution from the < 5 pm size fraction averaged ~ 30%. There also a clear gradient 
in diatom abundance with maximal concentration in the eastern part o f the transect. In
2002-03, diatoms were most important in December. W e observed very little P. 
antarctica  in either morphological form and the smallest size fraction contributed a large 
percentage o f the in situ Chi a signal (-50-75% ). In late December o f 2003-04, we found 
that the colonial form o f P. antarctica  to be the most abundant species o f phytoplankton 
in December with an increase in diatom importance towards the east. The largest size 
fraction (> 20 pm) is responsible for most o f the Chi a  signal. In February o f 2003-2004, 
the chlorophyll-based size distribution does not change, but the taxonomic composition 
does. Large diatoms dominate the transect and Chi a  concentration were double those of  
December. Thus, we have a unique opportunity to study three years o f observed and 
SeaWiFS estimated Chi a  match-ups from phytoplankton blooms that differ in both 
species composition and size distribution. The use o f SeaWiFS - based Chi a  has 
provided us with opportunity to put our ship-based data in context; however, it is critical
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to understand whether w e can use the images on a quantitative or merely a qualitative 
basis.
Our analysis suggests that SeaWiFS generally underestimates Chi a  for the Ross 
Sea (Fig. 22). At times, it appears that there is a relationship between the degree of  
underestimation and the total Chi a  water column concentration (Fig. 23). The total Chi a 
explained a significant fraction of the variability in the degree o f underestimation for the 
bloom o f 2002-2003 (R2 = 0.651; Chla = 6.186 + %Underestimate*- 0.136). Similarly, there is 
also a strong relationship for December 2003 (R2 = 0.895; Chla = 10.74 + %underestimate*- 
0.090; Fig. 23). These two incidences represent a time of diatom dominance in 2002- 
2003 and one o f colonial P. antarctica  dominance in 2003-2004. Even at very low Chi a 
concentrations during December 2003, the relationship between SeaWiFs and our 
observed values never approached 100% agreement. Thus, we have no evidence for 
either species composition or total Chi a  concentration entirely explaining why SeaWiFS 
shows a negative bias in these waters.
The one occasion when SeaWiFS overestimated observed Chi a values was found 
during 2001-2002. M ost o f the incidents o f overestimation occurred during late 
December 2001 and tended towards the eastern edge o f the transect (Fig. 23). The 
contribution of diatoms to the total phytoplankton assemblage also follows this trend 
closely (Fig. 23), and there appears to be a relationship between the percentage of  
diatoms in the assemblage and the degree o f overestimation (Fig. 23 insert; R2 = 0.53). 
In a blended, multi-year analysis, Gregg and Casey (2004) also found an overestimate of  
Chi a in the eastern Ross Sea in the austral summer (January -  March) and spring 
(October-December). They found that in the western portion o f the Ross Sea, in situ Chi
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a were only underestimated in October-December. Although we only found this 
overestimate in the eastern portion during one o f our cruises, there appears to be other 
evidence o f this spatial heterogeneity in the performance o f the SeaWiFS sensor.
W hy there would be this distinction between the performance in the west and east 
is still unclear. W e saw a suggestive relationship between the degree o f overestimation 
and contribution of diatoms (Fig. 23), but a similar increase in diatom abundance is seen 
during December 2003. There are unfortunately no SeaWiFS pixels available for 
comparison in the eastern transect likely caused by cloud cover. However, diatoms also 
dominated the phytoplankton assemblage in December 2002 when ice concentrations 
were high. Our few  stations (n = 4) confirm that most o f the phytoplankton present were 
diatoms and were dominated by Nitchzia/Pseudonitchzia  spp. A lso, diatoms were 
dominant in February 2004 (data not shown), and these comparisons were not 
substantially different from the blended multi-year regression.
There is an emerging consensus that the inherent bio-optical properties o f the 
Antarctic pose a challenge for accurate satellite retrievals. There are several potential 
reasons for these inaccuracies: effects o f phytoplankton assemblage composition (Arrigo 
et al. 1999), phytoplankton pigment packaging (Bricaud et al. 1995; Stramski et al. 2001), 
different types o f detritus/CDOM (Dierssen and Smith 2000), or heavy cloud or ice cover 
undetected by the atmospheric correction algorithm. When seven data points are 
removed from our regression (Fig. 22), the relationship between in situ and satellite 
estimates o f Chi a  is significant, although not all the variability is explained by this linear 
regression. This regression includes periods when both P. antarctica  dominated in the 
single-celled and colonial morphology in December 2001 and 2003, respectively.
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Similarly, in December o f 2002, diatoms dominated the bloom and these data are also 
included in the regression. Phytoplankton from these six cruises also range in 
physiological status (Chapter 4). Based on these data, the differences that are found are 
not likely to be simply due to species composition or species-specific absorption 
characteristics. Arrigo et al. (1998) found that the SeaWiFs algorithm underestimated Chi 
a  for stations dominated by cryptophytes and overestimated for stations dominated by 
colonial P. antarctica. Stuart et al. (2000) also suggests that the performance o f satellite 
retrievals is largely dependent on the phytoplankton assemblage composition. However, 
we found neither cell-size nor species composition data to support this for the Ross Sea.
W e conclude the following: 1) although a relationship between diatom abundance 
and SeaWiFS overestimation o f Chi a  in the eastern Ross Sea was found in 2001-2, this 
trend was not observed in other years when diatoms dominated; and 2) under most 
circumstances (phytoplankton composition and size distribution) it appears that, with a 
linear post-calibration correction, we can utilize SeaWiFS to integrate and interface with 
field observations, although it is not without caveats. Since we could not establish a 
generalized relationship between the performance o f the SeaWiFS sensor and the size 
ditrubution or species composition o f the phytoplankton assemblage, then what drives 
periods o f under/overestimation? Although we have no data on CDOM  concentrations for 
this period in the Ross Sea, we feel that it is unlikely to be driving these relationships. If 
pigment packaging is o f primary importance, then it appears to to not be influenced by 
changes in cell size or phytoplankton species distribution. Since the package effect 
appears to be most important in large cells or those with large internal Chi a 
concentrations (Bricaud et al. 1988), our result is surprising. It is important to note that
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we are extracting data from a dynamic system that experiences both taxonomic 
heterogeneity and phytoplankton species succession from P. antarctica  to diatoms (Smith 
et al. submitted). Perhaps our relationships would differ if  we captured and compared the 
onset o f the P. antarctica bloom with the onset o f the diatom bloom  (which we appear to 
be doing). Nonetheless, we observed no circumstance where the agreement between the 
SeaWiFS estimate and the measured Chi a  approached unity for the entire data set.
In conclusion, despite variable years o f phytoplankton assemblage composition 
and size structure, we were able to find a relationship between SeaWiFS estimates o f Chi 
a and ship-based observations. More work is needed to understand why these types of 
discrepancies occur, but in general SeaWiFS will serve as useful tool to observational 
programs in the Ross Sea to better constrain and scale ship-based measurements. 
However, it is clear that for increased confidence in Ross Sea satellite retrievals, the 
development o f a regional bio-optical algorithm would be useful for this complex area. 
This will further allow us to confidently use bio-optical models o f primary production or 
export that are dependent on quantitatively accurate fields of Chi a.
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Figure 12 (a-c). The locations o f the IVARS transects for phytoplankton blooms a) 2001- 
02, b) 2002-03, c) 2003-04. Each year contains station numbers from both the December 
and February cruises.
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Figure 13. Surface Chi a  concentrations for all six cruises, Leg I represents the 
December occupation and Leg 2 is in February. Error bars represent the standard 
deviation o f the mean surface Chi a concentration. The x-axis is in decimal degrees 
longitude. The highest concentrations found during the three years were in February 
2004.
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Figure 14 (a-b). a) The phytoplankton assemblage percentage composition in December 
2001 is plotted against longitude. The single-celled form of P. antarctica  dominated for 
most o f the transect. Diatoms became a more important constituent o f the phytoplankton 
assemblage with eastward direction, b). O f the diatoms present in December 2001, the 
largest percentages were contributed by F ragilariopsis spp. in the eastern section of the 
Ross Sea. Nitchzia/Pseudonitchzia spp. increased in importance with eastward direction.
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Figure 15 (a-b). a) The percentage o f the phytoplankton assemblage composition in 
December, 2003 is plotted against longitude. The colonial form of P. antarctica  
dominated for most o f the transect. Diatoms became a more important constituent o f the 
phytoplankton assemblage with eastward direction, b) O f the diatoms present in 
December 2003, there is no clear trend abundance. Nitchzia/Pseudonitchzia  spp. 
appeared to be most important in the central transect.
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Figure 16 (a-1). Series o f SeaWiFS eight-day binned images for the phytoplankton bloom  
of 2001-02.The asterisk (*) represents cruise times.
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Figure 17 (a-b). SeaWiFS extracted estimate o f Chi a against longitude (decimal 
degrees) for a) December and b) February o f the 2001-2002 phytoplankton bloom. The 
solid symbols represent in situ measurements and the lines are lines o f latitude in °S. 
SeaWiFS overestimates in situ Chi a  on the eastern portion o f the transect. In February, 
SeaWiFS appears to underestimate in situ Chi a.
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Figure 18 (a-1). Series of SeaWiFS 8-day binned images for the phytoplankton bloom of
2002-03. The * represents cruise times.
110
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
( cui/6ui) uoitejiussuoo e ||Aqdojomo
-  -  - - 1 i
/  5 i
'  C  :J R ; L -  - ? i  J T ' i
sp™” 'Jjr—
\- * A
C
r
,s  3  " " i f *■-LZ v  
■"7W
T- / •>
" " ti"
iH
- / I
.U—oe. 
rf H
/f
t t "*r
-sC J fV
/ . . . .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 19 (a-1). Series of SeaWiFS 8-day binned images for the phytoplankton bloom of
2003-04. The * represents cruise times.
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Figure 20 (a-b). SeaWiFS extracted estimate o f Chi a against longitude (decimal 
degrees) for a) December and b) February of the 2003-2004 phytoplankton bloom. The 
solid symbols represent in situ measurements and the lines are lines o f latitude in °S. 
SeaWiFS underestimates in situ Chi a in both December and February o f the 2003-04  
phytoplankton bloom.
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Figure 21 (a-c). Temporal trends in biomass based on data extracted for 77.03° S from 
every other SeaWiFS image for a) 2001-2002, b) 2002-2003, c) 2003-2004. The * 
denote locations where increases in Chi a  appeared on a multi-year basis.
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Figure 22. Match-up between SeaWiFS and the in situ  estimate o f Chi a. The circled 
data were removed to run the linear regression. The results from the linear regression are 
y = 0.292*x + 0.880, R2 = 0.24.
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Figure 23. Comparison between the degree that SeaWiFS overestimates Chi a  for 
December 2001 and the longitudinal increase in the percentage o f diatoms in the 
phytoplankton assemblage. The insert is the regression of percent diatoms versus the 
positive bias. The regression line is y = -0.792 + 0.0386*x (R2 0.53).
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T able 5. Description o f the IVARS cruises and duration and corresponding SeaWiFS images.
IVARS  
Year number
Year Leg Dates Image Range Pixels
1 2001 1 December 19-21 December 19-27 11
1 2002 2 February 2'7 February 2-9 15
2 2002 1 December 23'28 December 19-27 6
2 2003 2 February 21 February 18-25 2
3 2003 1 December 26-30 December 27-31 7
3 2004 2 February 3‘9 February 2-9 20
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Table 6. The average size distribution o f  the surface phytoplankton assemblage determined by in situ  Chi a  
concentration and the relative SeaW iFS estimate o f Chi a  for the three years o f  the IVARS program. 
Standard deviations o f  the mean are in parentheses.
Year Month Total Chi a 
(FgL'1)
> 20 pm 
(F g L ‘)
< 5 pm 
(ggL-1)
% > 20 pm % < 5 pm SeaWiFS(pgL-1)
n
Year 1 (2001-2002) December 5.76 (2.6) 2.39 (0.8) 2.62 (2.8) 47.12(22.1) 38.77 (30.5) 8.38 (5.2) 11
February 5.62 (5.6) 3.63(1.7) 1.59(1.4) 61.48 (16.4) 32.68 (30.3) 3.8 (3.6) 17
Year 2 (2002-2003) December 2.13 (2.0) 0.94(1.2) 0.87 (0.7) 31.56(18.1) 49.85 (22.3) 0.48 (0.3) 10
February 2.46 (0.9) 0.79 (0.5) 2.03 (1.4) 30.05 (9.7) 76.96 (29.1) 0.71 (0.4) 2
Year 3 (2003-2004) December 5.22 (2.7) 3.36 (1.7) 1.56(1.0) 67.20(17.7) 29.48(17.1) 2.50 (0.7) 13
February 10.36 (3.5) 6.22 (2.0) 3.28 (1.9) 62.08 (13.4) 30.38 (13.76) 3.56(1.2) 20
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Section 4
Multi-year changes in photochemical efficiency and relative electron transport rate in the
Ross Sea, Antarctica
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A BSTR A C T
The Ross Sea, Antarctica is a unique region within the Southern Ocean. It is 
believed to be seasonally limited by biologically available iron, but typically supports 
large phytoplankton blooms. The Ross Sea also is historically known to have 
taxonomically distinct regimes: the south-central portion is dominated by P. antarctica  (a 
haptophyte with a colonial and single-celled morphology) and to the west diatoms are 
abundant. There is no generally accepted consensus o f the environmental conditions 
driving this taxonomic heterogeneity, but light, m ixing regimes and micronutrients all 
likely contribute to some degree. Phytoplankton biomass is maximal in December, and 
primary productively follows a similar trend. W e measured both the phytoplankton 
maximum photochemical yield the light dependant relative electron transport rate 
parameter (a measure o f photosynthetic rate) during five cruises to the southern Ross Sea. 
W e also interfaced these measurements with satellite remote sensing o f biomass to better 
understand our results in the context o f the larger bloom processes. Finally, we 
investigated the relationship between the modeled parameters o f electron transport rate 
(ETR*) and m ixed layer depth with the phytoplankton assemblage to assess if  mixing had 
a strong impact on short-term photosynthetic rates. The bloom o f  2001-2002 was similar 
to the climatological mean of the Ross Sea, with a peak in biomass being observed in 
mid-December, and Fv/Fm values being ca. 0.43. W e found high (0.50-0.65) Fv/Fm for 
most o f the seasonal phytoplankton bloom for 2002-2003, suggesting that it was not 
seasonally iron limited. A  large bloom occurred the following year (2003-2004), with an 
initial bloom of P. antarctica  followed by an extensive diatom bloom  that we believe
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may have been fueled by an intrusion o f modified circumpolar deep water. W e found no 
relationship in December 2001 between our measurements o f ETR* with m ixed layer 
depth or phytoplankton taxonomic composition. In December o f 2003, there was a weak 
relationship between the slope o f the curve, the estimate o f the maximum ETR*, and the 
contribution of diatoms to the total phytoplankton assemblage. Our results emphasize the 
substantial interannual variability within the southern Ross Sea and the complex set of 
environmental factors that affect these oceanographic processes.
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IN T R O D U C TIO N
The Southern Ocean carbon cycle is critical to global climate because it represents an 
area o f intermediate and deep-water formation, sequesters carbon, and is believed to be 
particularly sensitive to climatic fluctuations (Sarmiento and Orr 1991; Sarmiento et al. 
1998; Sarmiento et al. 2004). The primary delimiting current, the Antarctic Circumpolar 
Current (ACC), is forced clockwise around the Antarctic continent by prevailing westerly 
winds. The Southern Ocean is characterized as the largest high nutrient, low chlorophyll 
region (HNLC), although biomass tends to be higher in coastal, shelf, frontal and ice 
edge regions (Sullivan et al. 1993). Deposition o f iron from aeolian dust is limited in this 
area (Fung et al. 2000). As a result, concentrations of phytoplankton biomass are 
controled by low inputs o f biologically available iron (Martin et al. 1991; Boyd et al.
1999).
The Ross Sea, Antarctica
The Ross Sea, Antarctica is a particularly productive region o f the Southern Ocean 
system and supports a predictable phytoplankton bloom (Comiso et al. 1993) that is 
believed to be limited by biologically available iron during austral summer (Sedwick et 
al. 2000; Olson et at. 2000). The phytoplankton bloom is initiated in late October (Smith 
and Gordon 1997; Arrigo et al. 1998), and reaches maximal concentrations in December 
(Smith et al. 2000). Primary productivity follows a similar trend, with the maximum  
occurring in December (Smith et al. 2000). The Ross Sea has been historically 
characterized by taxonomic heterogeneity, with phytoplankton assemblages having 
distinctly different composition in two separate regions. Phaeocystis antarctica , a
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haptophyte with a multiphasic life cycle, typically dominates the phytoplankton 
assemblage in the south-central portion o f the Ross Sea, whereas diatoms often dominate 
along the coast o f Victoria Land and near ice edges (DiTullio and Smith 1996; Arrigo et 
al. 1999). These floristic trends have not been attributed to a single nutrient or physical 
feature (Arrigo et al. 1999; Olson et al. 2000; van Hilst and Smith 2002; Hales and 
Takahashi 2004). Arrigo et al. (1999) and Smith and Asper (2001) found deeper mixed 
layers in areas dominated by P. antarctica  and shallower ones in those dominated by 
diatoms. They believed that the taxonomic variability was primarily driven by the 
efficiency o f light harvesting under different light regimes. However, van Hilst and 
Smith (2002) found no differences in the photosynthetic responses in areas dominated by 
the two taxa, suggesting that light harvesting was not the primary force driving the 
taxonomic variability. They instead, suggested that complex interactions including 
vertical mixing processes and trace metal limitation drive these floristic trends. It is 
clear, however, that the taxonomic distribution has profound biogeochemical 
consequences on vertical flux and elemental ratios o f biogenic material (DeMaster et al. 
1992; Smith and Dunbar 1998; Arrigo et al. 1999).
It is important to better understand the factors controlling export o f organic matter 
from the surface layer in the Ross Sea. The processes governing export flux are complex, 
as temporal offsets in primary production, biomass accumulation and export occur (Smith 
and Dunbar 1998, Asper and Smith 1999; Collier et al. 2000). This is especially true for 
regions dominated by P. antarctica, as large, intact colonies passively sink (rather than 
sinking as fecal pellets generated during grazing) towards the end o f the seasonal bloom  
(Bautista et al. 1992; Asper and Smith 1999). It is also believed that a portion o f P.
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antarctica-derived export is largely remineralized by heterotrophic bacteria within the 
water column (Asper and Smith 1999), although it has also been suggested that austral 
spring flux events transport significant amounts o f viable cells to depth (DiTullio et al.
2000). Carbon export from diatom-dominated areas, however, appears to be dominated 
by rapidly sinking fecal pellets produced during zooplankton grazing (Dunbar et al. 
1998).
Variable Fluorescence
Evaluation o f the quantum yield o f photochemistry by the use o f fluorometry has 
been shown to be a powerful tool to assess the physiological status o f surface 
phytoplankton (e.g., Behrenfeld et al., 1996). Nearly all fluorescence measured at 
physiological temperatures stems from PSD light harvesting com plexes (chlorophyll). 
Measuring fluorescence and relating it to photochemistry is based on the assumption that 
a photon absorbed by chlorophyll will have one o f three fates: to be used in
photosynthesis, dissipated as heat, or re-emitted at a longer wavelength as fluorescence. 
These cellular processes are competitive; by measuring fluorescence, the relative 
importance o f photochemistry can be estimated and insight gained into the physiological 
heath o f the phytoplankton assemblage (Butler 1978; W eis and Berry 1987; Genty et al. 
1989; Kolber and Falkowski 1993; Kroon et al. 1993). There are several techniques that 
measure the characteristics o f variable fluorescence, such as fast-repetition rate 
fluorometry (FRF) (Kolber et al. 1994; Behrenfeld et al. 1996), pump during probe (PDP) 
fluorometry (Falkowski et al. 1986; Kolber et al. 1990; Kolber and Falkowski 1993), and 
pulse amplitude modulated (PAM) fluorescence (Renger and Schreiber 1986; Schreiber 
et al. 1994; Kishino et al. 2002). The two most commonly used techniques are PAM and
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FRF, and they use slightly different PSII saturation protocols. Specifically, FRF employs 
a series o f short flashes (~ 0.5 |is) to “close” the PSII reaction centers, whereas PAM  
applies a single pulse o f light (~ 0.8 s) to complete a similar function. This difference in 
saturation procedures creates a slight difference in the measure Fv/Fm values.
The fluorescence yield from PSII is highly variable and dependent on the 
physiological state o f the phytoplankton cell, which can be affected by a number of 
factors, including light and nutrient stress. The maximum potential quantum yield from 
PSD (when all reaction centers are open) is referred to as:
Fm is the point at which the fluorescence is maximal (all reaction centers are closed), and 
F0 is the initial determination o f fluorescence. Fv is the variable fluorescence term and is 
the difference between Fm and F0. The physiological maximum for Fv/Fm for fully 
functional phytoplankton has been empirically determined to be approximately 0.65 
(Kolber et al. 1988) and decreases with the onset o f stressful environmental conditions. 
At low irradiance PAM  measurements o f Fv/Fm are approximately 20% higher than those 
determined from FRF, but appear to converge with increasing light intensity (Suggett et 
al. 2003). This difference is likely caused by the saturating light pulse and spillover into 
the first electron carrier, Qa, allowing multiple turnovers of the photosystem.
Quantum yields o f PSII are useful for ascertaining the flow  o f electrons through 
the photosystem, and yields are often well correlated with oxygen evolution during gas 
exchange experiments. PSII electron transport rate has been found to be closely coupled 
with oxygen production for both micro- and macroalgal species (Henley 1993; Hanelt et
(Equation 1)
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al. 1995). However, under non-ideal conditions, there appears to be an uncoupling of 
these two parameters (Flameling and Kromkamp 1998). Gilbert et al. (2000) found these 
two methods to be well correlated for light intensities less than those needed to saturate 
photosynthesis, and that the degree o f correlation differed among phytoplankton species. 
PSH relative electron transport rate and carbon fixation have been found to be correlated 
under defined laboratory conditions (Genty et al. 1989; Edwards and Baker 1993; Hartig 
et al. 1998) and for benthic microalgal communities (Barranguet and Kromkamp 2000), 
but not under field measurements (Fryer et al. 1998). In addition, Glud et al. (2002) 
found, for ice algal communities, that relative ETR correlated well with traditional 14C- 
determinations o f carbon fixation. Several processes may uncouple o f carbon fixation and 
PSH yield, including changes in photorespiration or pseudocyclic electron transport 
(Fryer et al. 1998).
The primary objectives o f this study were to monitor the maximum  
photochemical yield o f the natural phytoplankton assemblage in December and February 
over the course o f three years in the Ross Sea. W e also investigated the efficiency of 
light use (relative electron transport rate) during the cruise transects to determine whether 
there is a gradient in light response associated with changes in phytoplankton species 
composition or mixed layer depths.
MATERIALS AND METHODS
Study Site
Data for this study were collected in conjunction with an investigation o f the 
Interannual Variability in the Ross Sea (IVARS) net community production (Smith et al.
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submitted). A  total o f 80 stations were sampled over three years (generally two cruises 
per year, in December and February). During the 2002-2003 season, heavy ice caused 
logistical problems, and only two stations were sampled in February. The spatial 
coverage o f IVARS cruises typically extended from 170° E - 176° W  and from 76 - 
77.5° S (Fig. 24 a-c). Six cruises were conducted in the Ross Sea, Antarctica in 
December and February from 2000-2004 using the USCGC P olar Star, USCGC Polar  
Sea, and RVIB N.B. Palm er (Table 7). Water was collected using 10-L Niskin bottles 
mounted on a rosette frame that also held a SeaBird 911+ CTD, a Chelsea fluorometer, 
and a Biospherical photosythetically active radiation sensor. Profiles o f temperature, 
salinity, irradiance, and fluorescence were collected at each station. Hydrographic data 
were binned into 1-m intervals, and m ixed layer depths (Zmjx) were determined from the 
depth that a 0.1 unit change from the stable surface value occurred (Smith et al. 2000; 
Smith et al. submitted). Two moorings (named Callinectes and Xiphias) were also 
deployed as part o f the IVARS program and were located in the western and eastern sides 
of the sampling transect, respectively (Fig. 24).
From 2000-04 large icebergs calved o ff the Ross Sea Ice Shelf and were present 
in the Ross Sea. In March 2000 a large (295 km x 40 km) iceberg named B-15 calved 
from the ice shelf and remained grounded between Ross and Franklin Islands from 2000- 
04 (Arrigo and van Dijken 2004; Fig. 24 a-c). In September, 2002 another large iceberg 
designated C-19 (32 km x 200 km) calved o ff o f the same ice shelf (Arrigo and van 
Dijken 2003). After calving, it proceeded northward and grounded near Pennell Bank and 
remained there until February o f 2003. It continued to m ove northward and exited the
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Ross Sea by the following summer (Arrigo and van Dijken 2003). The presence o f these 
large icebergs is believed to cause changes in local circulation and impact ice 
concentrations for the Ross Sea.
PAM Fluorometry
The estimated quantum yield o f PSII and relative electron transport rate (ETR') 
was assessed according to the ‘saturation pulse method’ (Schreiber et al. 1986; 
Bolhar-Nordenkampf et al. 1989). With this approach a sample is probed with a weak 
intensity modulated light that monitors the chlorophyll yield with no actinic effects (F0) 
(see Equation 1). This probing light is then followed by one intense saturating pulse that 
rapidly closes all reaction centers (Fm), and maximizes PSH fluorescence yield. The 
difference in F0 and Fm is termed Fv. The estimated quantum yield o f PSII is calculated 
by the ratio Fv/Fm (Equation 1). The fluorescence-based estimate o f electron transport 
rate is accomplished through a rapid light curve routine, where yields are ascertained 
after the sample is exposed to short durations o f actinic light. This approach to estimated 
electron transport rate reflects a snapshot o f the energy flow through PSH and the 
resultant fluorescence value does not necessarily reflect steady-state at a given irradiance. 
In other words, the same sample is exposed to one light level and a measurement is taken 
and then it is exposed to the next higher irradiance, etc. This is critical operational 
difference when compared to traditional 14C-based photosynthesis/irradiance curves 
where each sample is exposed to one irradiance for one or two hours.
The parameter that refers to the efficiency o f PSH photochemistry (in the presence 
of light or after a light pulse) is called <j>psn (Genty et al. 1989); this measures the 
proportion of light that is absorbed by PS II chlorophyll light harvesting complex used in
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photochemistry. The value o f <>psii can be modeled to estimate the relative electron 
transport rate (ETR') from PSI to PSII as
ETR =  (j)psu X <Ta X  (0.5)x E  (Equation 2)
where E is the photosynthetically active radiation (pmol photon m'2 s-1), aa is absorption
cross-section of PSII, and 0.5 accounts for light partitioning between PSH and PSI. The 
assumption o f equal partitioning between the two photosystems is the most uncertain 
parameter for this model, as this ratio can be affected by iron stress with the preferential 
declince o f PSI under iron deplete conditions (Geider and La Roche 1994). Application 
of the estimate o f light partitioning between PSII and PSI is most appropriately used 
when trying to quantify electron transport rate or when samples are collected from 
temporally constrained time period, light history, or nutrient status. PAM  fluorometry 
can’t estimate <sa, so PAM  studies generally assume the size o f aato be stable throughout 
the course o f the experiment or estimate it based on pigment absorption characteristics 
(Hofstraat et al. 1994). Since we are analyzing a relative response, we removed both the 
proportioning ratio and oa, and define a new relative electron transport rate (ETR*) as 
follows:
ETR* — $psu X E  (Equation 3)
All rapid light curve experiments were fitted with the following empirical model (Platt et
al. 1980):
ETR* = ETR* s
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For this model ETR*s is a scaling factor for maximal rate o f relative electron transport 
rate, a*  is the initial slope o f the curve, and P* is a photoinhibition term (the slope of 
decline in photosynthesis from the observed maximum). P*m, or production at saturating 
light can be derived as follows:
E TR *m = E T R * a
( a +F)
(Equation 5)
%
The light saturation parameter, E k is defined as follows:
E \ = P ' j a (Equation 6)
PAM measurements were made with a prototype o f a submersible unit (SubPAM; Walz) 
that we used as a bench-top instrument. The subPAM differs from previous PAM  
instruments because a photomultiplier tube (PMT) was integrated to enhance the received 
signal, allowing the user to make measurements in low and high phytoplankton biomass 
regimes. Samples for the optimal yield o f photochemistry (Fv/Fm) and rapid light curves 
(RLC) were taken from 0-100 m. Water was sampled from Niskin bottles, placed on ice, 
and kept under low light (~5 - 10 pmol photons m'2 s'1) until measurement 
(approximately 30 minutes). The PAM  sampling chamber was kept on ice to minimize 
sample temperature stress. Samples (60 mL) were loaded into the chamber by gravity or 
by weak pressure from a syringe and measured three times. To obtain Fv/Fm values, the 
saturation pulse ranged from 0.8-1.0 seconds, and care was taken to insure that the 
saturation pulse fully achieved the maximum fluorescence. Samples for RLC routines
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were loaded and exposed to 9 light levels o f photosynthetically active radiation (PAR; 
0 - 457 pmol photons m'2 s'1). All actinic illuminations were 10 seconds in duration 
except for in December 2001 when they were five minutes long. Because o f this 
difference, these Decemeber 2001 RLC results will not be compared with results from 
other years. For the SubPAM, the peak excitation was 458 nm and ranged from 420 to 
500 nm (Fig. 25). There is no shift as the light increases and the PMT is engaged. All 
measurements were corrected using a depth-specific filtered seawater (< 0.2 pm) blank 
for each PMT gain used. Student’s t-tests were used to determine statistical significance 
between results (a value set a priori at p < 0.05).
Remote Sensing Image Analysis
SeaWiFS weekly (8-day) mean chlorophyll concentration data were provided by 
the NASA/Goddard Earth Sciences (GES)/Distributed Active Archive Center (DAAC) 
from November 25 to February 26. Level-3 global Standard Mapped Images (SMI) at 9 
km resolution were used with the OC4 (version 4) calibration, which is the one most 
recently used by the SeaWiFS project (Patt et al. 2003). The W imSoft program was used 
to manipulate and extract numerical data from the images. Data were extracted and 
binned from 77° S to 11.5° S and from 172° E, 175° E, 178° E and 179° W for all three 
years o f the study. SeaWiFS estimates o f chlorophyll a were extracted from four 
longitudinal lines for the three years o f our study. W e averaged the values from 77.0 to 
11.5° S to increase the pixel coverage and excluded the western (178° E, 179° W) region 
that was previously determined to be overestimating the local chlorophyll a  concentration 
by up to 450% (Chapter 3).
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RESULTS
Hydrographic Data
M ixed layer depths did not consistently vary with longitude for either 2001-02 or 
2003-04 (Fig. 26a-b). The mean m ixed layer (ZmiX) for December 2001 was 23.5 (±8.8) 
m, and it deepened significantly in February 2002 to 36.6 (± 4.1) m (Smith et al. 
submitted). The following year in December 2002, Z,„jX was 33.5 (± 9.7) m and also 
deepened significantly to 52.0 (± 5.7) in February. In the final year o f the study, Zmix 
depth was 19.1 (± 8.59) m and showed no significant change in February (20.4 ± 10.8) m 
(Smith et al. submitted). When we examined the vertical temperature profiles from 
December 2003, there was very little stratification in temperature in the eastern Ross Sea 
(Fig. 27a). In the west there is a temperature gradient in surface waters, indicating 
regions where water had been ice-free the longest (Fig. 27b). W e found one station 
(Station 1) had an elevated temperature signal (ca. -0 .5 °  C) in deeper (ca. 150 m) water 
(Fig 27a). When we returned in February 2004, this higher temperature signal in deeper 
water was more prevalent (Fig. 28). This signal also appeared to peak in the center o f the 
transect and was less frequently observed in the west and east. W e also detected sub­
surface anomalies from 50 - 200 m (Fig. 29) that appear to have similar structure as those 
in deeper water, but were on a smaller scale; the signal spanned tens o f meters rather than 
being 50 - 100 m in vertical extent.
Surface Fv/Fn,
Surface samples (5 - 10 m) for five cruises were compared (Fig. 30; Table 7); 
there were no PAM  measurements from February 2002. In the December transect, there 
was little longitudinal structure. In December 2001 Fv/Fm increased with eastward
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direction and reached a maximum (0.51) at 177° E and declined towards the eastern Ross 
Sea. Fv/Fm reached the lowest value (0.34) at 176° W. In December, 2002 the area of 
open water was greatly reduced (Smith et al. submitted) due to changes in local surface 
circulation patterns and the reduction in wind-driven losses o f  ice driven by large 
grounded icebergs (Arrigo and van Dijken 2003). Thus, our sampling regime was limited 
to open water found in the western portion o f the Ross Sea (Smith et al. submitted). 
Samples exhibited relatively high Fv/Fm values, averaging 0.43 (± 0.05), similar to the 
December 2001 mean value (0.42) despite the difference in spatial coverage between the 
two years. The 30 m Fv/Fm (0.47 ±  0.05) for December 2002 is similar to the surface 
value, suggesting that there was not a great deal o f long-term photoinhibition when we 
made our measurements. This measurement was just above the mean mixed layer depth 
(Fig. 31a); this suggests that the phytoplankton were well m ixed and not extremely 
sensitive to surface irradiances. In February 2003 Fv/Fm was higher in surface waters 0.53 
(± 0.06) and at depth 0.56 (± 0.08) compared to measurements taken earlier in the season. 
The following year in 2003-04, surface Fv/Fm in December was low compared to 
previous years (0.37 ±  0.17). The lowest mean surface value that we measured was found 
in February 2004 (0.28 ±  0.05; Table 7). The transect o f February 2004 showed the most 
variability in longitudinal structure. The lowest measured value was 0.20 (± 0.03) at 
176.9° E. December and February sampling periods o f 2004 were determined to be 
significantly lower than those measured in previous years (p < 0.05). N o difference was 
detected in deeper waters (30 m) for any year or sampling interval.
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Vertically resolved Fv/Fm
Profiles o f Fv/Fm are available for the 2002-03 and the 2003-04 phytoplankton 
bloom. In December 2002 the Xiphias mooring station was the only location that 
exhibited no vertical stratification in Fv/Fm (Fig. 31a) and is probably due to the fact that 
the local surface waters there had only recently become ice-free, as the polynya was slow  
to expand in an easterly direction in 2002-03. Stations 21, 22, and 24 showed clear 
stratification below 30 m, which roughly corresponds to the average m ixed layer depth 
for the Ross Sea at that time (33.5 ± 9.6; Smith et al. submitted). W e were only able to 
measure three depths at Callinectes, the western most mooring station; the Fv/Fm values 
were lower there, suggesting that phytoplankton were more iron stressed than at Xiphias. 
Chlorophyll a  concentrations were higher at Callinectes than at Xiphias (5.64 and 1.33 
pgP1 at 10 m, respectively; Smith et al. submitted). In February, both stations were 
resampled and Fv/Fm values were enhanced when compared with the December 
observations (Fig. 31b). There was little vertical structure in Fv/Fm at Callinectes until 
approximately 50 m, which corresponded to the Zmix depth (52.0 m). In February, the 
water column at Xiphias exhibited more vertical structure, and the Fv/Fm approached the 
theoretical maximum at depth. The fact that Fv/Fm increased from December to February 
suggests that either the Ross Sea underwent deep mixing that brought new sources o f iron 
to surface waters, or that iron was added from ice melt or the atmosphere. In either case, 
the phytoplankton at the end of the 2002-2003 clearly did not express photochemical 
yields indicative o f iron stressed conditions.
In December o f 2003, the patterns in Fv/Fm were different then in previous years, 
in that there was a clear gradient in surface depression in Fv/Fm with longitude (Fig. 32a)
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that didn’t correspond with the spatial trends in Zmix- This is most likely indicative o f the 
temporal pattern o f biomass accumulation which occurred first in the west and progressed 
east. There was also longitudinal structure below the surface (10 m). In the eastern 
portion o f the transect, healthy (Fv/Fm values between 0.50 - 0.60) cells were observed 
below the m ixed layer. In contrast, we found substantially reduced Fv/Fm in 
phytoplankton below the mixed layer in the west, suggesting that stressed cells had sunk 
below the m ixed layer. In February there was also little surface structure; Fv/Fm is 
depressed to approximately 20-30 m, which corresponds with Zmix (Fig. 32b).
The presence o f apparently healthy (Fv/Fm ca. 0.65) cells at depth probably 
resulted from over correcting the seawater blank. The fluorescence was very weak at this 
time of year, and these values were extremely sensitive to the blank correction. We 
cannot be sure by how much this value is being over- or underestimated; however, it is 
unlikely that the samples at depth were approaching 0.65. Our blank correction was not 
established for every sample; we used a filtered seawater blank that was established 2-3 
times in the Ross Sea. Fluctuations in this value do not pose an operational problem for 
samples with a sufficiently high signal, but it can become important when sample signal 
is very low.
Rapid Light Curve Experiments
In December 2001 the time o f actinic exposure for rapid light curves was five 
minutes; thus, these results should not be directly compared with other years. There were 
no clear longitudinal trends in the model parameters (Fig. 33 a-c), despite changes in the 
assemblage composition (Fig. 34a). The light saturation parameter (E*k) was 76.6 (± 
16.0) pmol photons m'2 s'1, and the relative ETR* was 21.0 ±  3.7 pmol photons m'2 s'1
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(Table 8). There was no change in the slope o f the curve from December 2002 to 
February 2003 (0.19 ±  0.06 and 0.18 ± 0.02, respectively). There was a change in the E \  
value from 60.3 (±15.8) to 46.6 (±18.4) pmol photons m'2 s'1 that coincided with a 
decrease in the ETR* from 10.7 (±2.2) to 8.31 (±2.2) pmol photons m'2 s'1, but neither of 
these changes is statistically significant. Similarly, from December 2003 to February 
2004, both E*k and ETR* decreased from December to February (Table 8), although only 
the change in E*k was statistically significant (t-test; p < 0.01). This caused a statistically 
significant increase in a* from 0.12 (± 0.40) to 0.17 (± 0.01) (T-test; p < 0.01). We 
investigated whether the longitudinal trend in modeled parameters in December o f 2003 
was a function of taxonomic composition. W e detected a weak relationship between 
increased a* values and the contribution o f diatoms to the total phytoplankton 
assemblage composition (ASoia) (r2 = 0.272; a* = 0.0036 x  ASoia + 0.0695). Likewise, 
this is reflected in a significant relationship between ETR* and the contribution of 
diatoms to the total phytoplankton assemblage (r2 = 0.444; ETR* = 2.93 x  ASoia + 0.289). 
Satellite Remote Sensing
In general, phytoplankton biomass initially peaks in the western edge o f our 
sampling transect and proceeds east (Fig. 35 a-c). In 2001-02 we appeared to sample the 
onset o f the decline o f the bloom at 172° E, but the peak o f the bloom  at 175° E (and 
prior to the initiation o f the decline; Fig. 35a). The decreased magnitude o f the 2002-03 
bloom reported by Smith et al. (submitted) is also reflected in the SeaWiFS chlorophyll 
analysis. W e sampled between two small biomass maxima during 2002-03, but most of 
the chlorophyll a  appears to have accumulated in early January to February. There were 
no pixels for comparison during our February occupation. In 2003-04 there was not a
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strict seasonal progression towards the east, but it appeared that the west and the east 
Ross Sea operated on different time scales (Fig. 35c). That is, a large bloom  occupied the 
western portion o f our transect in early December; we sampled this when the surface 
signal in Fv/Fm was declining (Fig. 32c). In early January another bloom  was initiated 
throughout the entire transect, although the surface manifestation was greater in the west. 
W e sampled during the increase in biomass, which was also reflected in the fluorescence 
recorded by a series o f in situ fluorometers at the mooring sites (Smith et al. submitted).
DISCUSSION
The Ross Sea, Antarctica is a unique region within the Southern Ocean system. 
Surrounded by high nutrient, low chlorophyll waters o f the Antarctic circumpolar current, 
the Ross Sea is highly productive, with an average maximum chlorophyll a  concentration 
during austral summer o f ~6 pg L'1 (Smith et al. 2003). The Ross Sea also is historically 
known to have taxonomically distinct regimes: the south-central portion is dominated by 
P. antarctica  (a haptophyte with a colonial and single-celled morphology), and to the 
west diatoms are relatively more abundant. There is no generally accepted consensus of  
the environmental conditions controlling this taxonomic heterogeneity (Arrigo et al. 
2000; van Hilst and Smith 2002; Hales and Takahashi 2004), but light, m ixing regimes 
and micronutrient availability each likely contribute to some degree. During the IVARS 
program we monitored both the phytoplankton maximum photochemical yield and a 
relative electron transport rate parameter. W e also interfaced these measurements with 
satellite remote sensing o f biomass to better understand our measurements and analyze 
them in context with the full seasonal cycle. Finally, we looked at trends in the model
139
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
parameters o f ETR* and Zmix to elucidate their relationship with phytoplankton 
assemblage composition.
Bloom  Comparision
The phytoplankton blooms of 2001-02, 2002-03, and 2003-04 were distinctly 
different from one another (Smith et al. submitted; Peloquin and Smith in preperation). 
In 2001-02 a large fraction of the P. antarctica  was found as single cells. There was also 
an increase in the contribution o f diatoms with distance east in the sampling transect (Fig. 
31a). Mean surface Fv/Fm was still relatively elevated (0.42), and there was little 
longitudinal difference in this parameter with longitude, suggesting that areas with higher 
contribution of diatoms had a similar physiological state as those where P. antarctica  
dominated. It has been found that P. antarctica  has a higher iron quotient when compared 
to diatoms (Coale et al. 2003), so in general we expected areas dominated by P. 
antarctica  to show more severe iron limitation late in the bloom. From the analysis of 
SeaWiFS images, it appears that when we sampled in December, biomass was peaking in 
the east-central Ross Sea. Based on HPLC pigment distributions, it also appeared that 
diatom contribution to the phytoplankton assemblage was high in the Ross Sea in 
February 2002 (Smith et al. submitted).
The accumulation o f phytoplankton biomass in 2002-03 was low when compared 
to the other years and the Ross Sea climatology (Smith et al. 2003; Peloquin and Smith in 
preperation). This was primarily due to the presence o f large icebergs grounded in the 
Ross Sea, which are believed to cause changes in local circulation patterns and ice 
movement (Arrigo and van Dijken 2003). The phytoplankton bloom  was dominated by 
diatoms (Peloquin and Smith in preperation) and did not have Fv/Fm values indicative of
140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
iron stress in February. Although this bloom was a fraction of the magnitude observed in 
other years, data from the SeaWiFS suggest that there was a minor initial bloom  followed  
by a second and more substantial accumulation of biomass in February, although the 
errors around this estimate are large (Fig. 35b). Indeed, we found surface Fv/Fm values to 
be slightly higher in February (0.53 ±  0.06) than in December (0.43 ±  0.05), suggestive of 
an additional input o f iron, perhaps in early-mid January.
The biomass in 2003-04 was greater than that in other years o f this study. The 
dominant P. antarctica  morphology in December was colonial, and the contribution of 
diatoms increased to the east. The mean surface Fv/Fm was significantly lower than 
measured in previous years (0.37 ± 0.17), coupled with a large accumulation of 
chlorophyll a  (Smith et al. submitted). It appeared that when we occupied the Ross Sea 
that the biomass had become maximal in late November -  early December and we were 
measuring the decline o f the initial bloom (Fig. 35c). Furthermore, the magnitude and 
timing o f this initial bloom suggests that the previous year’s conditions (2002-03) 
affected the early onset and magnitude o f the bloom of 2003-04, perhaps because o f high 
ice concentrations. Fv/Fm didn’t show a clear relationship with the contribution of 
diatoms, although subsurface Fv/Fm showed more structure. W e interpret the depressed 
Fv/Fm signal in the western Ross Sea through ca. 100 m as evidence that phytoplankton 
(mostly colonial P. antarctica) had become iron depleted. Since m ixed layer depth was 
well above 100 m, it’s probable that the colonies had passively sunk to depth. In the 
eastern portion o f the IVARS transect, there appears to be a population o f phytoplankton 
at ca. 50 m that demonstrated near physiological maximum Fv/Fm (ca. 0.60). M ixed 
layers here were ca. 20 m, so this pocket o f presumably iron-replete cells was below the
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mixing regime. This type o f vertical structure was also seen in December o f 2002, and 
probably reflects that phytoplankton growth and production were temporally delayed 
when compared with the east. In February mean surface Fv/Fm was depressed further to 
0.277 (± 0.05). As observed in 2002-03, there is a secondary bloom  that developed and 
was dominated by diatoms (Smith et al. submitted). Unique to this year, however, was 
the magnitude o f this secondary bloom, as it was nearly as large as the primary one and 
develped severe iron stress.
The presence o f a secondary diatom bloom in the eastern edge o f the IVARS 
transect is an interesting feature o f the Ross Sea. For two of the three years o f our study, 
SeaWiFS detected increased phytoplankton in the beginning in February that lasted until 
our measurements, and for February of 2003, clearly lasted beyond the duration o f our 
observations. Based on a comparison of SeaWiFS with mooring-based fluorometric data, 
we are confident that this is not an artifact o f satellite remote sensing (Smith et al. 2003 
submitted, Peloquin and Smith, in preperation). From observations o f phytoplankton 
taxonomy (data not shown), biogenic silica concentrations, and UPLC data (Smith et al. 
submitted), we know that this bloom was comprised o f diatoms. Although the absolute 
magnitude o f the February 2003 bloom is appreciable, the process by which it forms is 
far from certain. To our knowledge, large diatomaceous accumulations in the eastern 
Ross Sea have not been documented, nor are they reflected in the Ross Sea climatology 
(Smith et al. 2003). Presumably, P. antarctica blooms early in the spring because higher 
ambient iron concentrations provided by winter mixing meet its higher iron requirements 
(when compared to diatoms) (Coale et al. 2003), along with its ability to photosynthesize 
and thrive in deep mixed layers (Arrigo et al. 2000). During December, 2003 we found
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Fv/Fm ratios indicative o f iron limitation over the entire transect, and not in just areas 
dominated by P. antarctica. It is important to remember that P.antarctica  is a small 
phytoplankton cell (4-5 pm in diameter). The eastern stations consisted o f a mixture of 
NitschziaJPseudonitschzia spp. and Fragilariopsis spp. (Peloquin and Smith, in 
preperation), diatoms that are > 20 pm in length. Although diatoms only comprised a 
maximum o f 30% of the phytoplankton assemblage by numbers, because they are larger 
they contribute more o f the total chlorophyll a  and particulate organic carbon 
concentration then indicated by their numbers alone. Thus, it’s reasonable that both taxa 
were iron stressed in December.
MCDW intrusions
If phytoplankton were exhibiting iron stress in December, how could they 
accumulate to such levels in February? The fact that there is a secondary bloom suggests 
that there are additional inputs o f iron to this system in late January. Plausible 
explanations include a water mass intrusion (and subsequent introduction into the surface 
layer) or increased iron supply from melting ice or from atmospheric deposition. Surface 
waters were less saline than previous years, indicating increased melt-water inputs. It is 
possible that ice concentrations and thicknesses (and hence total amount o f fresh water) 
were higher following the weakly developed polynya o f 2002-2003, and there was a 
higher potential for iron supply from melting ice. However, the polynya was well 
developed by early January 2004 (Smith et al. submitted) and it is unclear whether 
enough ice remained to melt and infuse iron to the levels needed to support a second 
bloom. W e have evidence o f the intrusion o f modified circumpolar deep water (MCDW) 
that is especially strong near the middle o f our transect. M CDW  is believed to be a source
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o f iron and is characterized by being warmer (~ -0.5° C), more saline (~ 34.4-34.5 ppt) 
and micro-nutrient rich than surrounding waters (Hiscock al. 2003). The intrusion onto 
the Ross Sea continental shelf has been reported previously (Jacobs et al. 1985; Carmack 
1990), and it has been suggested to influence the timing and magnitude o f the seasonal 
phytoplankton bloom by providing iron to surface waters (Hiscock 2004). A  criticism of 
this hypothesis is that stratification was still strong in February, which would restrict the 
introduction o f the Fe-replete waters to the euphotic zone. W e see evidence o f MCDW in 
December 2003 at 76.4° S, 173.2° E, but not at any o f our other stations. When we 
analyzed the temperature signal in February 2003, the waters between 50 - 200 m have 
pockets o f water with a higher temperature, suggesting that some volume o f MCDW can 
reach near the surface. Hales and Takahashi (2004) also detected entry o f this water in 
surface waters. Therefore, we believe that the initial large P. antarctica  accumulation 
and growth was fueled by iron supplied via deep, winter mixing, and that the second 
bloom dominated by diatoms was likely initiated by the introduction o f M CDW  into the 
euphotic zone. Thus for 2003-2004, injection o f M CDW  appears to have enhanced the 
total Ross Sea phytoplankton bloom appreciably. Changes in the circulation and 
meanderings o f the ACC may have significant and unforeseen consequences for Ross Sea 
biogeochemical cycles.
RLC Experiments
Changes in the RLC parameters, a* and ETR*, are influenced by a suite of  
factors, including nutrient status, light acclimation, and the irradiance regime. In general, 
phytoplankton assemblages in December were well acclimated to low irradiance levels, 
which increased with the complete disappearance o f ice and as the season progressed.
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The results from the rapid light curve experiments from December 2001 do not appear to 
correspond with changes in taxonomic composition, nor are they sensitive to changes in 
mixed layer depth, a* tends be slightly lower in regions where diatom abundance is 
higher, but there is no significant relationship over the transect when all data are 
considered. However, our estimate o f ETR* was greater than those o f December 2003, a 
pattern that is also reflected in the surface estimate o f primary productivity. W e did detect 
a weak relationship between increases in a*  and ETR* in December 2003 with an 
increased contribution o f diatoms, suggesting a difference in the efficiency o f light 
utilization between the two taxa in December o f 2003. However, this relationship is weak 
and a majority o f the variability in a*  and ETR* remains unexplained. Generally, our 
results agree with those o f van Hilst and Smith (2003), in that neither m ixed layer depth 
or light utilization parameters (based on 14C-based P/E experiments) appear to clearly 
explain the in situ taxonomic variability. If P. antarctica  were better adapted to 
photosynthesize in deeper mixed layers and lower irradiances, then we would expect to 
see that reflected in the light utilization parameters. However, in both cases the P. 
antarctica  bloom exhibited depressed Fv/Fm ratios, suggesting that it was already 
physiologically stressed. Thus, future investigations o f the spatial segregation o f diatoms 
and P. antarctica  should be focused on earlier bloom  conditions, and those that favor the 
onset o f P. antarctica  growth and not the apparent decline. A lso, comparative studies 
must be conscious o f the temporal scale o f the parameters that they are measuring. 
Phytoplankton accumulation is an integrated response that occurs over days to weeks, 
whereas m ixed layer depth potentially may be affected shorter or longer time scales.
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In conclusion, the phytoplankton blooms we observed in three successive years 
had distinct characteristics. The regulation of the spatial distribution o f P. antarctica  and 
diatoms in the Ross Sea remains unclear, and the magnitude o f the secondary bloom of 
2003-2004 was unexpected, and adds another layer o f complexity to the characteristics of 
the seasonal cycle. Not only was there spatial heterogeneity in the central Ross Sea, but 
we also detected a temporal separation between the two taxa that had not been previously 
observed. Furthermore, intrusions o f MCDW into the Ross Sea appear to be substantial 
enough to support a large (and previously unreported) diatom bloom  in the central Ross 
Sea. Although we cannot support this hypothesis with iron measurements, another 
mechanism to inject enough iron to support the large diatom bloom  of this magnitude 
remains unknown. Further investigation of these issues is critical, as the taxonomic 
distribution has profound biogeochemical consequences and strongly controls the 
magnitude o f vertical flux and elemental removal ratios (DeMaster et al. 1992; Smith and 
Dunbar 1998; Arrigo et al. 1999). As such, it affects the larger scale partitioning of 
elements in the Ross Sea and how carbon is ultimately utilized by higher trophic levels.
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Figure 24. Sampling stations for the IVARS program in a) 2001-2002, b) 2002-2003, and 
c) 2003-2004.
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Figure 25. The excitation spectra from the SubPAM unit. Peak excitation is at 458 nm 
and ranges from 420 to 500 nm.
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Figure 26 (a-b) Figure 3 (a-b). Mixed layer depth determined for a) 2001-02 and b)
2002-03 in December ( • )  and February (O).
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Figure 27 (a-b). Temperature profiles from December 2003 showing areas with a) 
marked temperature stratification (Stations 1-8) in the west and b) weak temperature 
stratification (Stations 11-18) in the eastern Ross Sea.
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Figure 28. The temperature values (° C) at 100 and 200 m in February 2003.
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Figure 29. Surface Fv/Fm values (5-10 m) for the phytoplankton bloom  of 2001-02, 2002- 
03, 2003-04. Error bars represent the standard error around the mean for three replicate 
measurements o f a sample.
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Figure 30. Temperature profiles during February 2003 for stations that exhibited a 
subsurface increase in temperature.
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Figure 31 (a-b). Vertical profiles of Fv/Fm for a) December 2002 and b) February 2003. 
Mean m ixed layer depth (ZmiX) are plotted as reported by Smith et al. (submitted). 
Callinectes and Xiphias are the west and east moorings, respectively.
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Figure 32. Contour plots o f Fv/Fm profiles with longitude for a) December 2003 and b) 
February 2004. Note the difference in color scale and axis for each plot.
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Figure 33 (a-c). Results from the rapid light routines for December 2001 and December 
2003 for a) the light saturation parameter, E*k (pmol m'2 s'1), b) the slope, a , o f the initial 
rise in the response curve (dimensionless), c) the estimate o f relative electron transport 
rate (ETR* (jimol m'2 s'1). Error bars are one standard error o f the model parameter 
alpha. E*k and ETR* are derived from the model parameters.
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Figure 34 (a-b). The percent o f each phytoplankton group as a contribution to the total 
assemblage composition for a) December 2001 and b) December 2003 from Peloquin and 
Smith (in preperation).
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Figure 35 (a-c). Results from the SeaWiFS estimates o f chlorophyll a  fmg/m3) for 172° E 
( • ) ,  175° E ( • ) ,  178° E ( • ) ,  and 178° W ( • )  for a) 2001-02, b) 2002-03, c) 2003-04. 
Bars represent the periods o f IVARS occupation and error bars are one standard deviation 
from the mean.
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Table 7. Fv/Fm values at the surface and at 30 m. The number o f samples that entered the calculation o f the mean is designed by 
n and standard deviations o f the mean are in parentheses. The asterisks represent times when values are statically significantly (p 
< 0.05) different from others sampled at similar periods o f time. December 2003 is significantly lower than other years as well as 
February 2004. N o difference was detected in 30 m waters.
Year Month Dates Surface Fv/F m
Surface
(n)
30 m Fv/Fm 30 m (n)
2001 December Decem ber 19-21 0.416 (0.04) 11 - -
2002 February February 2'7 - - - -
2002 December December 23'28 0.428 (0.05) 7 0.469 (0.05) 6
2003 February February 21 0.533 (0.06) 2 0.559 (0.08) 2
2003 December December 26-30 0 .367 (0 .17 )* 14 0.493 (0.07) 12
2004 February February 3'9 0.277 (0.05)* 19 0.441 (0.06) 13
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T able 8. Model parameters for rapid light curve experiments. The mean value is follow ed by the standard deviation of the mean 
in parentheses. The maximum and minimum are reported underneath. Values with * indicate statistical significance (T-test; p < 
0.05)from values measured in December.
Year Month a* (dim ensionless)
E \
(pmol photons m'2 s'1)
ETR*
(pmol photons m'2 s'1)
n Average
R2
2001 December
0.27 (0.4) 
0 .3 4 -0 .1 9
79.64 (16.0) 
105.73 - 56.40
21.01 (3.7) 
27.7 - 1 5 .2 8
11 0.969
2002 December
0.19 (0.06) 
0 .2 8 - 0 .1 3
60.28 (15.8) 
8 1 .2 2 -3 6 .2 4
10.65 (2.2) 
1 4 .6 9 -8 .1 2 9
0.969
2003 February
0.18 (0.02) 
0 .2 0 - 0 .1 7
46.56 (18.4) 
5 9 .5 8 -3 5 .5 6
8.31(2.2)
6 .7 3 - 9 .8 9
2 0.929
2003 December
0.12 (0.4) 
0 .2 0 - 0 .0 6
57.87 (23.5) 
9 9 .3 -1 4 .1
6.11 (2.4) 
10 .28- 2.60
11 0.738
2004 February 0.17 (0.1)*  
0 .2 5 6 -0 .1 0 6
27.53 (9.6)*  
4 7 .3 4 -1 5 .1 1
4.65 (1.5) 
7 .5 4 - 2 .4 7 9
0.943
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CO NC LU SIO N S
1. There were no significant differences in the photochemical recoveries o f diatoms 
during SOFeX, with exception of Asteromphalus sp. (a centric diatom).
2. The kinetics o f increase from iron stress suggests that they occurred independently of 
cell surface area. During m esoscale iron enrichment experiments, phytoplankton cell size 
may be important during the early experiment when iron concentrations are still relatively 
low. Once iron becomes abundant, then other factors (such as inherent growth rate) 
appear to be more important than iron acquisition strategies.
3. A  relationship between diatom abundance and SeaWiFS overestimation o f Chi a in the 
eastern Ross Sea was found in 2001-2, but this trend was not observed in other years 
when diatoms dominated.
4. Under most circumstances (phytoplankton composition and size distribution), it 
appears that with a linear post-calibration correction we can utilize SeaWiFS for 
phytoplankton biomass estimates in the Ross Sea.
5. We could not explain the degree that SeaWiFS over- or underestimated the in situ 
chlorophyll a with taxonomic composition or phytoplankton size distribution.
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6. There was distinct interannual variability in the Ross Sea over the course o f our three 
year study. The bloom o f 2001-02 was dominated by the single-cell morphology o f P. 
antarctica  and showed a clear trend of increasing diatoms towards the eastern Ross Sea. 
The bloom o f 2002-03 was small in magnitude and spatial extent, dominated by diatoms, 
and was not iron limited at the end o f the summer. In 2003-04 the phytoplankton bloom  
was the largest that we observed. In late December it was severely iron-stressed and 
dominated by colonial P. antarctica, with the contribution of diatoms increasing towards 
the east. In February there was a clear secondary bloom dominated by diatoms, a feature 
previously unreported in the central Ross Sea.
7. We believe intrusions o f M CDW  regulated the timing and magnitude o f the second 
diatom bloom in 2003-04 by infusing surface waters with additional iron.
8. W e could not conclusively explain the spatial variability in the phytoplankton 
assemblage with the fluorescence-based light utilization parameters or the m ixed layer 
depth. There was no relationship between these environmental factors and in December 
2001. In December 2003, there was a weak relationship between the contribution of  
diatoms to the phytoplankton assemblage and ETR* and a*.
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